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Abstract: In Northeast Vietnam, Suoi Thau-Sang Than is considered as a high potential area of polymetallic de-
posits. 1,720 geochemical samples were used to investigate polymetallic mineralization; thereby polymetallic ore
occurrences in this study region were discovered and the statistical and multivariate analysis helps to define geo-
chemical anomalies in some northeastern regions, namely Suoi Thau, Sang Than, and Ban Kep. The statistical
method and cluster analysis of geochemical data indicate that the Cu, Pb, and Zn elements are good indicators,
and most of them comply with the lognormal or gamma distribution. Based on the third-order threshold, the
geochemical anomalies of the content of the Cu, Pb, and Zn elements reflect the concentration of copper forming
ore bodies in the mineralized zone, and clearly show the concentration in three distinct zones. The trend surface
analysis which was employed to determine spatial variations and relationships among these good indicator ele-
ments and anomalous areas revealed relative changes in the content of the indicator elements, and they can be
considered as regular. Moreover, the goodness of fit obtained trend functions of Pb and Zn, and Cu elements is
a third-degree trend surface model. These results indicate that the models can be useful in studying geochemi-
cal anomalies and analyzing the tendency of the concentration of indicator elements in the Suoi Thau-Sang Than
region. Additionally, it is suggested that the statistical analysis shows a remarkable potential to use the bottom
river sediments in the region to investigate polymetallic mineralization. Moreover, geochemical data can help to
evaluate geochemical anomalies of the pathfinder elements and potential mineral mapping of the Suoi Thau-Sang
Than region in Northeast Vietnam.
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INTRODUCTION anomalies allow to identify a mineral deposit. During

geochemical data processing, samples can contain
Geochemical anomalies which frequently appearin  much higher or lower background values that are
many mineral deposits show different values of the  considered as anomalies (Reimann 2000, 2005, Filz-
normal background. In addition, the geochemical =~ moser2005, Chen].R.etal.2015, ChenD.etal.2019).
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To show representative sample sets and avoid incor-
rect recognition of the studied object, many meth-
ods have been carried out, of which the statistical
and multivariate analysis is regarded as the most
popular ones (Hawkes & Webb 1962, Williams 1967,
Beus & Grigoryan 1975, Reimann & Filzmoser 2000,
Reimann et al. 2005, Filzmoser et al. 2005, Chen J.R.
etal. 2015, Chen D. et al. 2019). Based on the thresh-
old values (mean +3 SDEV (standard deviation)) for
each type of mineral deposit, the threshold values of
samples can be employed to determine a new min-
eral deposit (Aitchison 1986, Rose et al. 1991, Jol-
liffe 2002, Ghadimi et al. 2016, Chen D. et al. 2019).

In Northeast Vietnam, the Suoi Thau-Sang
Than region is seen as an important location that
has attracted considerable attention from geolo-
gists prospecting for potential polymetallic ore
(i.e., Cu, Pb, Zn, and Au) (Tri & Khuc 2011). Fur-
thermore, it plays a critical role in providing valu-
able metals for industry as zinc, lead, copper, and
gold can be found together in polymetallic min-
eralization such as Fe and Cu Suoi Thau depos-
its (Rankin 2011, USGS 2014, Graedel et al. 2015).
This area has been surveyed in geological mapping
and mineral prospecting at 1:500,000-1:50,000
scale from 1965 until now (Dovjikov 1965, Bat
1989, Minh 1992, Son 2003). However, geologi-
cal sample collection and geochemical data pro-
cessing are still not sufficiently represented and
satisfied to identify potential areas of polymetal-
lic deposits. Consequently, it is of importance to
have a further investigation of the Suoi Thau-Sang
Than region in Northeast Vietnam to define new
polymetallic ore occurrences.

In this study, statistic and multivariate analysis
are used to investigate 1,720 geochemical samples
that enable us to assess prospective polymetallic
mineralization from Suoi Thau, Sang Than, and
Ban Kep zones in Northeast Vietnam in terms
of their potential for new polymetallic ore occur-
rences.

GEOLOGICAL SETTINGS

The Suoi Thau-Sang Than region belongs to the
Tung Ba block in Northeast Vietnam (Fig. 1A, B).
The lithology of this studied area consists of De-
vonian sedimentary rocks mainly (i.e., clay shale,

carbonate rocks, and marly sandstone), Trias-
sic gabbros, and Paleozoic granitoid rocks (Minh
1992, Son 2003, Hung 2010, Fig. 1C). Quaterna-
ry sediments (i.e., conglomerate, sandstone, and
gravestones) have been distributed majorly along
rivers in the northeast and southwest parts of the
studied area. The Suoi Thau-Sang Than region
is located in the northwest part of a synclinori-
um complex extending from the northwest to the
southeast that contains overlapping secondary
synclinorium complexes (Fig. 1B, C). The Duong
Thuong-Du Gia overthrust/reverse fault in the
northern part and the Ban Coc-Minh Ngoc re-
verse dip-slip fault in the southern part play an
important role in controlling the Tung Ba struc-
tural block (Dovjikov 1965). In this area, the mag-
matic intrusive rocks were significantly forced by
these faults and other smaller fault systems that
have contributed to make the structure of the area
more complicated (Son 2003).

There are three main polymetallic mineraliza-
tion zones in the studied area, namely Suoi Thau,
Sang Than, and Ban Kep that run from the north-
west to southeast with a length of 380-3,800 m
and are mainly encompassed by Devonian sedi-
mentary rocks (Sinh 1985, Bat 1989, Minh 1992)
(Fig. 1C). According to Son (2003) and Sang
(2011), uneven concentrations of Cu, Pb, and Zn
were found in these mineralized zones that are il-
lustrated by Hung et al. (2020).

MATERIALS AND
METHODOLOGIES

Bottom sediments and sample collection

Bottom sediment samples are frequently em-
ployed in geochemical exploration methods when
prospecting for mineral deposits. In this study,
1,720 geochemical samples of recent bottom sed-
iments were collected at 25-50 m intervals along
the river and streamlines. To extract the fine and re-
cent sediment, the surface sediment (0-3 cm depth)
is obtained with a flat hand shovel as sub-samples
from all points (approximately 50-100 m on both
river banks) with low current velocities. Based on
the grain size of the sediment sample, approximate-
ly 25-130 g of the recent bottom sediment was used
for each sample.
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With reliance on the different characterization
of the bottom sediments in the zone, they were
divided into three zones, including Suoi Thau
(518 samples), Sang Than (699 samples), and Ban
Kep (503 samples), and their sample sets were pro-
cessed respectively. Besides, the Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS) was
used to measure the concentration of 16 chemical
elements (i.e., Cu, Pb, Zn, Fe, Mn, Ti, Co, Ni, Cr,
Mg, Ca, Ba, V, Na, Y, and Zr).

Data transformation

The total of variable elements (i.e., Cu, Pb, Zn, Fe,
Mn, Ti, Co, Ni, Cr, Mg, Ca, Ba, V, Na, Y, and Zr)
in the bottom sediment samples were processed
in this study. If these variables are not symmet-
ric distribution, then they are tested in the nor-
mal distribution of each variable based on skew-
ness (statistical distribution test) and transformed
variables (Reimann & Filzmoser 2000). Further-
more, lognormal and gramma transformations
were also carried out to achieve normality and
transition for the skewed variables (Aitchison
1986, Egozcue et al. 2003, Carranza 2011).

Multivariate analysis

In the assessment and collection of statistical data,
multivariate analysis methods are used to clarify
and explain relationships between various vari-
ables associated with this data.

Correlation coeflicients and cluster analy-
ses help to evaluate relationships between the el-
ements and the element groups and their results
are tested by using Geostatistic 9.0.

Cluster analysis aims at minimizing meaning-
tul subgroups of individuals or items to a large data
set. Based on the similarities of the objects over
a range of defined features, the split is achieved.

Ward (1963) refers to Ward’s method of mathe-
matics as a criterion applied in the study of hierar-
chical clusters. The method of general agglomera-
tive hierarchical clustering was proposed by Ward
(1963) where the criteria for selecting the pair of
clusters to combine at each stage is based on the
optimum value of an objective function.

On the whole, covariance and correlation co-
efficient matrixes are represented by eigenval-
ues and eigenvectors. In the meantime, varimax

rotation was done to improve the factor loads.
Pearson’s correlation coefficient cluster analysis
(or hierarchical cluster analysis) was performed
with the use of Ward’s method and the results are
given in a dendrogram.

Trend surface analysis

Trend analysis is described by Davis (2002) as
a statistical method for segregating map data into
two elements, one of which is “signal” of a geo-
graphic nature and the other is “noise” of a local
form. In geochemistry, “trend surface” is used as
a record or accustomed to communicating geo-
chemical parameters with the idea of “regional
trend” and “local anomalies”. The trend surface is
defined as a function of the geographical position
of the observation site (control point). Trend sur-
faces fit geochemical data can be represented by
the model equation:

Zi=@,+1L, @)

where Z, is the variable at a point k; @, = ¢(x,, )
represents the trend and L, is the residual at point k.
¢, is a specific value of the variable ¢(x,, y,) with:

QX yi) = Agy + X + agy + a2ox2 +
+a,xy + ... +a,x'y! @)

The coefficients a,y, a,p, a,, a5y 3,p5-- 4, are
called determinants in the trend model.

The trend surface analysis is mainly based on
L, component (trend residual map or trend devi-
ation) to detect trend structural anomalies to de-
marcate and identify geochemical, geophysical
anomalies, and ore metallic nodes, or geological
structures such as high-order folds, small faults,
and so on.

Generally, x and y form a rectangular set of co-
ordinates; however, latitudes and longitudes are
also used (Vistelius & Hurst 1964). For particu-
lar applications, p + g < r, where r denotes the de-
gree of the trend surface. Depending on the work-
ing requirements as well as the characteristics
and properties of the study object, the first degree
(linear, r = 1), second degree (quadratic, r = 2),
and third-degree (cubic, r = 3), and fourth-de-
gree (quartic, r = 4) trend models were conducted.
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In this research, the second-degree trend model
allows studying the characterization of the content
of the indicator elements for prospecting polyme-
tallic minerals in the Suoi Thau-Sang Than region.

Trend surface and trend residuals maps repre-
sent an intuitive concept in morphology, spatial
variation law, and complexity of the study object,
as well as aiding the detection and delineation
of the local geometry of an object. Geologically,
these local geometries can be anomalous contents
of the elements in the region.

RESULTS AND DISCUSSION

The characteristics of statistical distribution
elements

The rules of the statistical distribution of polyme-
tallic ores and related elements can be recognized
through the determination of their statistical dis-
tribution models. Thanks to statistical analysis,
geochemical data of the whole region and each
zone are shown separately. As a result, the element
concentrations are Co > Zn > Pb > Fe > Mn > Cu >
Y >Ti>Cr>Mn>Zr>Ca>Ba>Ni>V>Na for
whole region (Tab. 1). In particular, Co, Zn, Pb, Fe,
Mn, and Cu elements account for more than 90%,
representing a clear association for polymetallic
ore. Therefore, these elements can be selected as
the pathfinder ones when prospecting for polyme-
tallic mineralization.

Both the primary and selected geochemical
samples, following the three-sigma limit method,
are statistically performed in this study (Tab. 2).
Basic statistical parameters include mean value,
variance, and coefficient of variation. The dis-
tribution models of the elements were also test-
ed by skewness and kurtosis methods and most
of the element concentrations complied with the
lognormal standard or gamma distribution rules
(Tab. 2). The test of the distribution models and
the statistical evaluation was carried out by utiliz-
ing the Geostatistic 9.0 software (Robertson 2008).

The characterizations of the statistical dis-
tribution of Cu, Pb, and Zn elements in the sec-
ondary geochemical field reveal that the distri-
bution rules of the indicator elements do not
conform with the normal standard distribu-
tion and were transformed to gamma or the

three-parameter lognormal distribution (Tab. 2).
As a whole, the content of Cu, Pb, and Zn elements
is generally higher than Clark’s value in the crust
(Cu* = 68 ppm, Pb* = 13 ppm, Zn* = 76 ppm
(Fortescue 1992), in which the Cu content varies
from uneven to very uneven. It is possible to create
different local geochemical anomalies; however,
the content of Pb and Zn elements is distributed
quite uniformly to unevenly while their varia-
tion is smaller than the Cu variation. Hence, the
possibility of the Pb and Zn ones forming the lo-
cal anomalies in the primary geochemical field is
not as clear as the Cu element. Nevertheless, these
data can be used to detect geochemical dispersion
haloes which serve to delineate prospective ar-
eas for prospecting polymetallic ores in the Suoi
Thau-Sang Than region.

Table 1
Frequency analysis of the content of the elements for the sedi-
ment samples in the entire area

Amount of | Information o

Element | information | combination Prol;;blhty

(AD) (10) ‘l
Co 0.483 0.483 43.1
Zn 0.446 0.657 58.6
Pb 0.412 0.776 69.2
Fe 0.398 0.872 77.7
Mn 0.374 0.949 84.6
Cu 0.347 1.010 90.1
Y 0.264 1.044 93.1
Ti 0.229 1.069 95.3
Cr 0.206 1.089 97.1
Mg 0.167 1.101 98.2
Zr 0.125 1.108 98.8
Ca 0.109 1.114 99.3
Ba 0.086 1.117 99.6
Ni 0.072 1.119 99.8
\Y% 0.054 1.121 99.9
Na 0.047 1.122 100.0

Note: Amount of information (AI) is the frequency of occurrence of

11
the i element ing with 16 element =— FE 2i
e i"" element comparing wi elements (Al, V% /=1n’f in

which, i = Co-Na, N is a total sample, 7, is the frequency of simultane-
ous occurrence of i and j* information, k is the number of the stud-

ied objects, k = 16). Information combination (IC) is the total amount

of information of m elements among 16 elements (IC,, = E’ZAI[2 s

m = 1-16).
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Cluster analysis

The results of correlation analysis can be used to
form the pair correlation matrix of the best indica-
tor elements in the geochemical field of the whole
region and each specific area. The elements of the
pair correlation matrix between the good indi-
cator elements are presented in Tables 3-6. The
numbers upper diagonal are the correlation coeffi-
cients and the numbers below the diagonal are the
student test results. Among the indicator element
associations, the Cu, Pb, Zn, and Co elements dis-
play a close association, especially the relationship
between Cu and Co, Pb and Zn, forming the el-
ement collaboration together as an indicator for
prospecting polymetallic ores. The calculated re-
sults of each region are also similar to those in the
whole area but its relation levels are varied, partic-

Table 4

The correlation coefficient and results of testing the statistical
significance of the correlation of indicator elements in the sed-
iment sample of the Suoi Thau zone (n = 518)

i::n Fe | Mn | Co | Cu | Pb | Zn
Fe 1 | 0.344 | 0.353 | 0.484 | 0.62 | 0.611
Mn | 8322 | 1 | 0277 | 0.345 | 0.342 | 0.337
Co 8570 | 6548 | 1 | 0719 | 0.506 | 0.484
Cu | 12.564] 8.350 |23.500| 1 | 0.591 | 0.59%
Pb 17950 | 8.267 | 13.326 | 16.642| 1 | 0.691
Zn 17.532 | 8.131 | 12.564 | 16.860 | 21.715 | 1
tygs. 516 = 1.96 |r,| =0.088

Table 5

The correlation coefficient and results of testing the statistical
significance of the correlation of indicator elements in the sed-
iment sample of the Sang Than zone (n = 699)

ularly in the Sang Than zone between Pb and Zn Ele- | o | Mn | co Cu Pb Zn
. . . . t
elements which display a lesser close relationship. men
Fe 1 0.259 | 0.311 | 0.532 | 0.342 | 0.211
Table 3 Mn 6.091 1 0.433 | 0.251 | 0.319 | 0.136
The correlation coefficient and results of testing the statistical Co 7433 | 10912 1 0.516 | 0.439 | 0.318
significance of the correlation of indicator elements in the sed- | Cu 14.272 | 5.890 | 13.684 | 1 0.423 | 0.565
iment sample of the whole study area (n = 352) Pb 8.267 | 7.646 | 11.099 | 10.604 1 0.213
Zn 4903 | 3.118 | 7.619 | 15.555 | 4.952 1
Ele-
ment Fe Mn Co Cu Pb Zn tyus.c0r = 1.96 |r,| =0.076
Fe 1 0.275 | 0.313 | 0.521 | 0.413 | 0.390
Mn | 5351 | 1 | 0274 | 0367 | 0263 | 0299 | Table6 . , o
Co 6.165 | 5.330 1 0.615 | 0468 | 0522 7716 'correlatzon coeﬂiczent‘and r?sul.ts of testing the ftatzstzcal
C significance of the correlation of indicator elements in the sed-
u 11.419 | 7.381 | 14.591 1 0.596 | 0.638 iment sample of the Ban Kep zone (n = 503)
Pb 8.484 | 5.100 | 9.907 |13.886 1 0.746
Zn 7.924 | 5.862 | 11.449 | 15.500 | 20.957 1 Ele-
" Fe Mn Co Cu Pb Zn
Lo0s,350 = 1.96 |rm| =0.107 men
Note: In which, #,; ;;, = 1.96 is the significance of the cross-correla- Fe 1 0.304 | 0.442 | 0.505 | 0.496 | 0.459
tion coefficient value, 0.05 is the level of significance, 350 is the de- Mn 7.249 1 0.436 | 0.356 | 0.585 | 0.348
gree of freedom, |r,| = 0.107 is the cross-correlation for match posi- Co 11.193 | 11.005 1 0.865 | 0521 | 0,505
tion m. The ¢, , and r, parameters are presented by the formula:
\/72 5 0 010 . Cu 13.291 | 8.654 | 39.159 1 0.531 | 0.572
faca =N =2/ (1=1,,) - Base O fogs o = 1967, = 0107 was ealew oy ™75 9761716385 | 13.865 | 14.235| 1| 0.525
lated following the ment'loned equation. If Ty > 0.107 then x and y ele- 7n 11736 | 8.432 | 13.291 | 15.841 | 14.012 1
ments are really correlation, on the contrary it is no correlation.
L0550 = 1.96 |r,,| =0.089

The correlation coefficients show a closer re-
lationship amongst Cu, Pb, Zn, and Co elements
in comparison with Fe-Mn ones (Tabs. 3-6), in-
dicating that the Fe-Mn ones are usually removed
that leads to the wider Fe-Mn dispersion haloes
because these elements are dominated in both
rock-forming and ore-forming ones. Calculation
results show a tight relationship between Cu, Pb,
and Zn elements which can be considered that
they have paragenesis of elements.

Based on the results of pair-correlation analysis
among these good indicator elements in the sec-
ondary geochemical field, a dendrogram was con-
ducted to determine the relationship between the
studied objects. The similarities between such indi-
cator elements were assessed by Pearson’s correla-
tion coeflicients. The results allow dendrograms to
be established for the general sample set and each
zone in the Suoi Thau-Sang Than region (Fig. 2).

Geology, Geophysics and Environment, 2020, 46 (4): 285-299
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Fig. 2. Dendrogram diagram of the good indicator elements in the Sang Than (A), Ban Kep (B), Suoi Thau (C), and entire
area (D), respectively. The numbers indicate the linkage distance cluster analysis by using Ward’s agglomerative clustering algo-

rithm

The paragenetic relationship among element
groups is represented in the dendrogram. The el-
ements are divided into two groups, including
polymetallic ore (i.e., Cu, Pb, Zn, and Co) and
rock-forming (i.e., V, Ni, Cr, Mg, and Ti). Besides,
the close relationship of Cu, Pb, Zn, and Co ele-
ments, a relatively continuous level of elements,
local branching of V-Ni, Cr-Mg elements, and Cr-
Ti-V elements can also be observed that shows the
V, Ni, Cr, Mg, and Ti elements are not syngenetic
elements of the polymetallic ores in the region.

The combination of multivariate correlation
and dendrogram analysis enables to estimate the
significance of the syngenetic element association
for prospecting polymetallic ores in the studied
area. As consequences, the Cu, Pb, Zn, and Co el-
ements are considered as syngenetic ones. Despite
the other elements being high values, they are not
indicator ones for the prospecting polymetallic
ores, or mirror the appearance of another type of
mineralization in this region.

Geochemical anomalous modeling

In the studied area, both primary and secondary
geochemical fields coexist together. The foundation

of the primary geochemical field is simultaneous-
ly addressed with the ore-forming process in the
mineralized zones, around the ore bodies, and ore
zones. The contents of major ore-forming and as-
sociated elements are higher than those in the sur-
rounding rocks. This region is often much larger
than the ore bodies and ore zones and distributed
around the ore bodies. With a reliance on morphol-
ogy, the size of the primary geochemical field can
allow to speculate distribution, depth, morpholo-
gy, strike, dip formats of the orebody, and level of
denudation. The original ore bodies have been ex-
posed or hidden ore bodies.

As a matter of fact, the ore bodies, mineral-
ization zones, and the primary geochemical field
can be destroyed and transformed in exogenous
conditions. Some elements and minerals are dis-
solved, washed, and drifted away while others are
accumulated and enriched. There is a redistribu-
tion of the material constituents of the secondary
geochemical field in the weathered environment.
The distribution location of this field can appear
on the surface of the terrain and cover the origi-
nal ore bodies, or the distribution lies towards the
lower terrain or valley, and they are often much

https://journals.agh.edu.pl/geol
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larger than the ore bodies. The secondary local-
ization field is of great importance in detecting the
location of hidden ore bodies in the prospecting
area. In order to recognize polymetallic ore in the
studied region, anomalous geochemical diagrams
and trend analysis methods were used to model
the extent of spatial variation of the elements on
the site’s localization documents.

Mapping geochemical anomalous
related to indicator elements

To model the spatial field of good indicator ele-
ments as an indicator for prospecting and discov-
ering new polymetallic ores in the Suoi Thau-Sang
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Than region, secondary geochemical anomalies
of Cu, Pb, and Zn elements were developed. The
establishment of the anomalous geochemical di-
agrams of these elements aims at elucidating the
distribution, concentration, and accumulation of
geochemical anomalies concerning specific ore
bodies in the chosen area (Fig. 3). On such a basis,
it allows explaining and selection the anomalies
associated with the mineralization, eliminating
the anomalies which do not relate to one ore. Fur-
thermore, trend surface and residual trend maps
of the indicator elements in the weathered crust
and the bedrock were established to support in-
formation for mineralization.
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Fig. 3. Geochemical anomalies of the content of the Cu (%), Pb (%), and Zn (%) elements in the Suoi Thau-Sang Than region; ore
occurrences are marked by the yellow color circle. The contour lines are drawn by using the point kriging methods (polynomial
drift order: 0, Kriging std. deviation grid: no; Semivariogram models of the element contents compose of components as linear
type, anisotropy angle: 0, anisotropy ratio: 1, and variogram slope: 1)
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Table 7

Anomaly values of Cu, Pb, and Zn based on the anomaly thresholds determined by lognormal and gamma distribution function

in the Suoi Thau-Sang Than region

Clark values after Geochemical First-order Second-order Third-order
Element transformation background anomaly anomaly anomaly
[ppm] (X) [ppm] (X+10) [ppm] (X+20) [ppm] (X+30) [ppm]
Pb 1.11 5.0 7.0 8.5 10.0
Zn 1.88 10.0 12.0 15.0 17.0
Cu 1.83 3.5 5.5 7.5 9.5

Note: Clark values of the indicator elements (Cu’ = 68 ppm, Pb = 13 ppm, Zn" = 76 ppm) in the crustal earth are from Fortescue (1992).

The geochemical anomaly and anomalous fields
of the indicator elements are determined based on
mapping the isoelectric contour lines with differ-
ent content degrees in accordance with the geo-
chemical background and local anomalous values.
The results of statistical processing are employed
to determine the geochemical background value
according to the local average value, and to select
the anomaly thresholds of the first-order (mean
+1 SDEV), second-order (mean +2 SDEV), and
third-order (mean +3 SDEV) values (Tab. 7, Fig. 3),
in which, the mean and SDEV values are calculated
following the lognormal and gramma transforma-
tion. Based on the establishment of the anomalous
geochemical diagrams of the indicator elements
and combined with the documents of the prospect-
ing works for checking, the geochemical anomalies
can be used to select geochemical anomalies asso-
ciated with the metallization and reject those not
related to the polymetallic mineralization.

In general, the geochemical anomalies of Cu,
Pb, and Zn elements reflect the concentration
of copper forming ore bodies in the mineral-
ized zone. The distribution area of the geochem-
ical anomalies of the indicator elements obvious-
ly shows the concentration in three distinct areas
(Fig. 4). The geochemical anomalies generally have
an isotropic or elliptical form that extends along
the northwest-southeast direction, in consistence
with the developed direction of the mineraliza-
tion zone. Most of the geochemical anomalies co-
incide with the distribution area of the Ban Dom
Formation. The size of the geochemical anoma-
lies is quite large with complex morphology, espe-
cially the copper geochemical anomalies that are
close to the mineralized zone, reflecting the pres-
ence of ore bodies. The geochemical anomalies

unrelated to the mineralization represent often
localized secondary accumulations, concentrated
on low terrain slopes, and are highly dependent
on the morphology of the current terrain.

Trend surface analysis

According to the results taken from the metal
sample collection for the entire region (352 sam-
ples) and the geochemical samples of each specific
area (1,720 samples), this study has developed the
first degree, second-degree trend surface model,
and higher for the Cu, Pb, and Zn elements. These
models are considered as direct or indirect indica-
tors for prospecting for polymetallic mineraliza-
tion in the Suoi Thau-Sang Than region. The re-
sults of establishing trend surface models and its
models were in line with the indicator elements
(Tab. 8). Geochemical anomalies, trend diagrams,
and trend deviations of the elements are plotted
owing to Surfer 13.0 software (Figs. 3, 4).

The testing results taken from the goodness-
of-fit of the trend surface models towards the indi-
cator elements with reliance on the multiple correla-
tion coefficient are presented in Tables 8 and 9. The
multiple correlated coeflicients of the trend surface
models of the Cu, Pb, and Zn elements were gen-
erally calculated above 0.4, especially up to 0.7 for
those of the Zn element. These results indicate that
such models are well-reflected the goodness-of-fit
of the trend model to the indicator elements. It is
shown from the results of the trend surface anal-
ysis that the changes amongst the first, second,
third, and fourth-degree trend surface models
have no great differences (Tab. 8). Moreover, it is
also revealed that linear changes in trend surfaces
and trend equations are well-illustrated in the spa-
tial variation of the elements in the selected area.
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Table 8
The trend surface model of the content of the Cu, Pb, Zn elements
Element | Trend surface Trend equation
first-degree | Pb = -5437.35 + 301.17X — 53.21Y
second-degree | Pb = 5839.82 — 849.82X — 534.24Y + 30.74X’ + 4.84XY + 75.67Y*
Pb third-degree Pb= —2274 062.20 +222 548.563( - 6091.93Y + 33.86X” + 8.45XY + 76.04Y” — 23.55X° +
3.80X°Y + 54.10XY" - 46.26Y
fourth-degree Pb = -4 947 482.21 + 324 557.46X + 214 723.66Y + 15.17X* + 25.64XY + 73.79Y* + 9.75X° +
46.17X°Y + 72.86XY* — 33.32Y’ — 10.54X* — 23.87X°Y - 37.27X°Y’ - 63.36XY’ + 19.08Y*
first-degree | Zn = -9888.65 + 545.92X — 82.99Y
second-degree | Zn = 26 514.73 — 3422.95X + 183.38Y + 109.54X* - 33.78XY + 68.49Y>
7n third-degree Zn = 23 6351.58 - 162099.32X —331 681.82Y + 112.21X” - 30.94XY + 68.83Y” + 4.63X° +
77.69X°Y + 84.27XY" - 142.05Y
fourth-degree Zn = —?76 203.57 + 8(2) 809.78X - 114 962.456Y + 1083.48)(2 - 38.126)§Y + 49.50Y23+ 19.92X° +
78.99X°Y + 121.95XY* — 145.52Y° — 7.24X* + 35.39X°Y - 90.38X°Y” + 13.917XY’ + 106.30Y*
first-degree | Cu=-3823.18 + 208.87X — 16.06Y
second-degree | Cu=—4380.17 + 144.83X + 921.23Y + 7.48X* — 84.86XY + 122.14Y*
Cu third-degree Cu =-776 651.44 + 64 739.14X - 14 328.37Y + 12.85X* - 85.98XY + 120.32Y* - 66.37X" +
34.41X°Y +40.84XY* - 18.33Y°
fourth-degree Cu= _2 801 281.14 +2423 905.305X -47 §37.23Y + 312.85X2 - SZ.4Z9XY + 109;94Y2 - 6.54X° +
54.48X°Y + 39.85XY’ - 6.94Y’ — 17.50X* + 10.97X’Y — 28.95X°Y” + 8.90XY’ + 54.55Y*
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Table 9

The goodness of fit of the trend surface models to the indicator elements

Parameter Pb First-degree |Second-degree | Third-degree | Fourth-degree
Total sum of square (SS,) 213998 871
Sum of square due to egression (SS,) 89 640 001 89173028 89 573 416 90 356 759
Sum of square due to residual (SS,,) 124 358 870 3240078709 | 3239678320 | 3238894977
:::fff:gg;sgz?f fit of the trend 41.888 41.670 41.857 42.223
The multiple correlation coeflicient (R) 0.647 0.646 0.647 0.650
Parameter Zn First-degree |Second-degree | Third-degree |Fourth-degree

Total sum of square (SS,)

3329251736

Sum of square due to regression (SS,)

1643 498 155

1630511 175

1615288 899

1637 857 728

Sum of square due to residual (SS,)

1685753 581

1698 740 561

1713962 837

1691394 008

The goodness of fit of the trend
surface (100R?)

49.365

48.975

48.518

49.196

The multiple correlation coefficient (R)

0.703

0.700

0.697

0.701

Parameter Cu First-degree |Second-degree | Third-degree | Fourth-degree
Total sum of square (SS,) 194 178 775
Sum of square due to regression (SS,) 33376 397 32398925 33192972 37 371 290
Sum of square due to residual (SS,) 160 802 379 161 779 850 160 985 803 156 807 486
;[:fff::gggsgzif fitof the trend 17.188 16.685 17.094 19.246
The multiple correlation coefficient (R) 0.415 0.408 0.413 0.439

In order to choose the best degree trend surface,
this study considers the a,, and a,, coeflicients of
the equation (2), and select which one of the g, is
the greatest, and which one of the ayy is the small-
est. It is found out that there is a strong variation
of the trend surface when x and y values change.
Therefore, the study can use the third-degree trend
surface model with respect to the Cu, Pb, and Zn
elements in the Suoi Thau-Sang Than region.

The trend deviation or residual trend model of
each indicator element is also constructed, show-
ing the changing degree of the indicator elements
at each control point versus their trend surface
models. The trend deviation maps help to detect
the relative concentration of ore-bearing areas.
The positions of known ore occurrences are quite
suitable for locations with large deviations (Fig. 4).
Some high concentrations of elements exist but
there are no mineral expressions around them;
hence, it is likely for this location to be focused on
the investigated process in the next steps.

Statistical significance of the trend

It is customary to test its statistical significance
after determining the trend-surface equation.

Regarding the sum of squares, the calculation of
variance and the variance analysis (ANOVA) tak-
en by the F-test enable the statistical significance
of the trend surface. Table 10 presents the analysis
of the variance (ANOVA) in this case.

The variance analysis technique can be useful
in selecting the degree of the trend surface. Ta-
ble 10 shows the F-test results in steps, ranging
from degree 1 to 2, degree 2 to 3, and degree 3
to 4, respectively. The F-test calculated for the im-
provement of fit obtained when proceeding from
degree r to degree r + 1 is a value close to 1.0 if the
residuals for a trend surface are rarely uncorrelat-
ed and normally distributed. For the Pb element,
F, = 125.87 which is much greater than 1.0 and
Fy 45 = 3.02. The first value (F, = 125.87) is signifi-
cant; however, the second one (F,, ,; = 3.02) is not,
indicating that the best choice for the Pb element
is probably the cubic trend surface. Similarly, the
degree of their trend surfaces is based on the mul-
tiple correlation coefficients (R) in the cases of the
Zn and Cu elements due to most of the F-test often
being lower than F, . (Tab. 10).

As a whole, trend surface models describe the
relative changes in the content of the indicator
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elements and can be considered as regular (multi-
ple correlation coefficients R > 0.3) (Tab. 9). None-
theless, the third-degree trend surface models of
the Cu, Pb, and Zn elements can be regarded as the
best fit for the Cu, Pb, and Zn content data (R > 0.6).
These models can be used to study geochemical

Table 10

anomalies and to analyze the tendency of concen-
tration of the Cu, Pb, and Zn indicator elements.
Therefore, the third-degree trend surface mod-
el helps to investigate areas with trend structure
anomalies, ore locations, and nodes with high con-
centrations, making the exploration more effective.

Analysis of variance (ANOVA) and test of significance of the trend surface from first to fourth degree fitted to the Cu, Pb, and Zn

content of the indicator elements

Sources of variation | Sum of squares | Degrees of freedom | Mean squares | F-test | F 05

Pb element

Total sum of square (SS,) 213998 871 352 -1=351

First-degree trend surface (SS,,) 89 640 001 2 44820 000.7 1578 | 302

Deviation from first-degree trend (SS,,) 124 358 870 351 -2 =349 356 329.1

Second-degree trend surface (SS,,) 89173 028 5 17 834 605.5 190 224

Deviation from second-degree trend (SS,,) 3240078 709 351 — 5 =346 9364 389.3

Regression due to increase of degree (SS,, ,) —-466973.9 5-2=3 -155 658.0 -0.02 2.63

Third-degree trend surface (SS;,) 89 573 416 9 9952601.8 105 Lol

Deviation from third-degree trend (SS,,,) 3239678 320 350 -9 =341 9500522.9

Regression due to increase of degree (SS,;,) 400 389 9-5=4 100 097.2 0.01 2.40

Fourth-degree trend surface (SS,,) 90 356 759 14 6454 054.2 0.67 L7

Deviation from fourth-degree trend (SS,,,) 3238894977 349 — 14 =335 9668 343.2

Regression due to increase of degree (SS,, ;) 783 343 14-9=5 156 668.5 0.02 2.24
Zn element

Total sum of square (SS,) 3329251 736.08 352 -1=351

First-degree trend surface (SS,,) 1 643 498 155.07 2 821749 077.53 170.13 302

Deviation from first-degree trend (SS,,) 1685 753 581.01 351 —2 =349 4830239.49

Second-degree trend surface (SS;,) 1630511 174.59 5 326102 234.92 66.42 504

Deviation from second-degree trend (SS,,) 1698 740 561.49 351 — 5 =346 4909 654.80

Regression due to increase of degree (SS,, ) -12 986 980.48 5-2=3 —-4328993.49 -0.88 2.63

Third-degree trend surface (SS,) 1615288 899.22 9 179 476 544.36 3571 Lol

Deviation from third-degree trend (SS,,) 1713 962 836.86 350 - 9 =341 5026 283.98

Regression due to increase of degree (SS,; ,) -15222275.37 9-5=4 -3 805 568.84 -0.76 2.40

Fourth-degree trend surface (SS,,) 1637 857 728.12 14 116 989 837.72 2317 L7

Deviation from fourth-degree trend (SS,,,) 1691 394 007.96 349 - 14 =335 5048 937.34

Regression due to increase of degree (SS,, ;) 22568 828.90 14-9=5 4513 765.78 0.89 2.24
Cu element

Total sum of square (SS,) 194 178 775.5 352 -1=351

First-degree trend surface (SS,,) 33 376 396.7 2 16 688 198.35 3622 302

Deviation from first-degree trend (SS,,) 160 802 378.8 351 —2 =349 460 751.80

Second-degree trend surface (SS,,) 32 398 925.36 5 6479 785.07 13.86 524

Deviation from second-degree trend (SS,,) 161 779 850.14 351 — 5 =346 467 571.82

Regression due to increase of degree (SS, ;) -977 471.34 5-2=3 —-325823.78 -0.70 2.63

Third-degree trend surface (SS,) 33192 972.04 9 3688 108.00 281 Lo1

Deviation from third-degree trend (SS,,,) 160 985 803.45 350 -9 =341 472 099.13

Regression due to increase of degree (SS,;, ,) 794 046.69 9-5=4 198 511.67 0.42 2.40

Fourth-degree trend surface (SS;,) 37 371 289.69 14 2669 377.83 570 L7

Deviation from fourth-degree trend (SS,,,) 156 807 485.81 349 — 14 =335 468 082.05

Regression due to increase of degree (SS,, ;) 4178 317.64 14-9=5 835 663.53 1.79 2.24
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CONCLUSIONS

In conclusion, based on 1,720 geochemical sam-
ples, several methods of statistical, multivariate,
and trend analysis were used to study polymetallic
mineralizations from the Suoi Thau, Sang Than,
and Ban Kep zones in Northeast Vietnam. As a re-
sult, the following conclusions can be drawn.

It is initially shown from the results of frequen-
cy analysis that the Co, Zn, Pb, Fe, Mn, and Cu el-
ements reveal a tight association with polymetallic
ore, suggesting that these elements can be selected
as the indicator ones for prospecting polymetallic
mineralization. Furthermore, Pb, Zn, and Cu el-
ements appear wide anomalies in the Suoi Thau,
Ban Kep, and Sang Than zones to provide useful
information for prospecting polymetallic in such
region. Additionally, the correlation matrix and
dendrogram analyses can allow the division of el-
ements into polymetallic ore-forming (i.e., Cu, Pb,
Zn, and Co) and rock-forming ones (i.e., V, Ni, Cr,
Mg, and Ti) in the studied region.

Next, the threshold value (mean +3 SDEV)
is used to identify anomalous regions and back-
ground values of the indicator elements for deter-
mining polymetallic mineralization in the region.
Generally, the prospective areas are located quite
appropriately for known polymetallic mineral
sites. Additionally, there is an anomalous region
in the northeastern part of the Suoi Thau-Sang
Than region without identifying mineralization
areas that imply for further investigation.

It is revealed from the trend analysis and the
distribution of localized anomalous areas of the
indicator elements that the local factors of Cu, Pb,
and Zn elements are similar. This indicates a close
relationship between polymetallic mineralization
with the northwest-southeast fault system and the
gabbro blocks within this region.

Finally, the statistical analysis of the bottom
sediments shows a remarkable degree of polyme-
tallic mineralization for prospecting in the re-
gion due to the association with the localization
anomalies that were established during the statis-
tical process. The research results also highlight
the possibility of obtaining a positive spatial cor-
relation with the presence of polymetallic miner-
alization. This is consistent with the results of sta-
tistical analysis, as well as the delineation of the

prospective areas based on the threshold value of
the geochemical data sets and the results of the
trend analysis of the indicator elements.

The authors would like to thank the two anony-
mous reviewers and the Editors for their thoughtful
and constructive comments that greatly improved
the manuscript.
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