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Abstract

The study area in the West Junggar Basin is known to be rich in hydrothermal gold deposits and occurrences, even
though there has been minimum exploration in the area. It is here hypothesised that this area could host more gold
deposits if mineral exploration methods were to be reinforced. This research is aimed at identifying geochemical anom-
alies of Au, and determining possible factors and conditions which facilitate the formation of anomalies by referring
to As and Hg as gold pathfinders. Geostatistical analyst techniques have been applied to 9,852 stream sediments and
bedrock data collected on a total surface of 1,280 km? of West Junggar, Xinjiang (northwest China). The kriging inter-
polation and quantile-quantile plot methods, combined with statistical methods, successfully identified both Au and
its pathfinders” anomalies. In the present study, median was considered as background values (10.2 ppm for As, 9.13
ppb for Hg and 2.5 ppb for Au), whereas the 95" percentile were threshold values (28.03 ppm for As, 16.71 ppb for Hg
and 8.2 ppb for Au) and values greater than thresholds are geochemical anomalies. Moreover, the high concentrations
of these three discovered elements are caused primarily by hydrothermal ore mineralisation and are found to be con-
trolled mainly by the Hatu and Sartohay faults of a northeast-southwesterly direction as well as their related secondary
faults of variable orientation, which facilitate the easy flow of hydrothermal fluids towards the surface resulting in the
formation of geochemical anomalies. Most of anomalies concentration of Au are found near the mining sites, which
indicates that the formation of new Au anomalies is influenced by current or previous mining sites through geological
or weathering processes. In addition, the low concentration of gold and its pathfinders found far from active gold mine
or faults indicates that those anomalies are formed due to primary dispersion of hosting rock.
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1. Introduction studies have proved that the spatial distribution of

ore deposits follows the fractal distribution during
Many assessments of natural resources have been  geochemical anomaly identification (Li et al., 2002,
used multivariate statistical or numerical-statisti- ~ 2003; Raines, 2008; Deng et al., 2009; Ma et al., 2014,
cal approaches as the method of discovering con-  2016). Moreover, geostatistical methods have been
cealed deposits (Singer et al., 2001). Most of such  found to be a more suitable technique to assess
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spatial distribution of data. They are advantageous
methods because they predict the values of varia-
bles in non-sampled areas and render a logical asso-
ciation within their prediction (Monego et al., 2008;
Ramos & Abreu, 2010).

The most commonly used geostatistics are those
of Gstat and ArcGIS software. The Gstat package
is used for multivariable geostatistical prediction
(Pebesma & Wesseling, 1998). It performs many ge-
ostatistical analyses such as computing variogram
and cross variogram modelling, interpolation, sim-
ple/ordinary/universal kriging, cross-validation,
trend modelling, simulation and visualisation, in-
dicator kriging and simulation, block kriging and
mapping (Abreu & Ramos, 2010).

The analytical methods used in the present pa-
per are geostatistical analyst extension of ArcGIS.
Geostatistical analyst is widely used for commercial
purposes because it supports easy graphical inter-
face. ArcGIS performs an extensional geostatistical
analysis and renders global and local interpolation
approaches as well (Inverse Distance Weight IDW,
trend surface, global and local polynomial, kriging
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and co-kriging) (Abreu & Ramos, 2010). The krig-
ing method was chosen as a good geostatistical an-
alyst to analyse and interpret data in this research
because it quantifies the spatial structure known as
variography which uses two points to measure the
spatial relationships of the variables (Bossew et al.,
2014) and it provides a prediction of unknown val-
ues. It is a quick interpolator that is based on the
variogram-fitted model, configuration of spatial
data and measured sample points to predict the
unknown value (Ashok et al., 2007). These kriging
interpolation techniques have been proved to be
the best way to analyse spatial geochemical data
(Abreu & Ramos, 2010), to create a continuous sur-
face by either using measured sample points or the
polygon centroid and, finally, to predict the values
to non-sampled surface. Geostatistical analyst is a
quick ArcGIS extension method to create a surface
due to the reason that it provides defaults and a va-
riety of tools to determine the parameters. Its statis-
tical models permit map outputs with predictions,
predicted standard error, standard error of indica-
tors and probability.
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Fig. 1. Map showing the geological structure and distribution of gold deposits in the study area. A - Simplified map
illustrating the location of study area relative to the Central Asian Orogenic Belt (CAOB) (Jahn et al., 2000); B -
Location of the study area on the map of China; C - Simplified geological map of the study area in West Junggar,

Xinjiang (northwest China).
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In addition, the geostatistical analyst tool also
provides an understanding of qualitative and quan-
titative aspects of the data to the users. It provides
full access to predict and model the spatial distri-
bution based on statistics and exploration tools.
After processing geochemical data, ArcGIS geosta-
tistical analyst yields opportunities to investigate,
visualise and create surfaces for advanced spatial
analysis (Ashok et al., 2007). Well-applied geosta-
tistics are the most powerful tool to accomplish the
main target of analysing geochemical data which
is to describe geochemical and geological process-
es by using statistical variations of data (Aitchison,
1986; Bonham-Carter et al., 1988, 1989; Cheng et al.,
2000; Carranza, 2010; El-Makky, 2011; El-Makky &
Sediek, 2012; Grunsky et al., 2014; Luz et al., 2014).
It must be assisted by the ability of locating and
identifying anomalies from the background which
is most important when interpreting and analysing
data of geochemical exploration (Zuo et al., 2009).

For discovering the potential of concealed ore
bodies, it is crucial to identify both favourable ge-
ological conditions for ore formation and reliable
geoscientific data. For maturely explored areas,
exploration strategy as based on a dynamic under-
standing of the mineralisation system is effective in
predicting the location of ore deposit anomaly (Liu
et al., 2004).

The study area is situated in the southwest of the
Central Asian Orogenic Belt (CAOB) (Fig. 1A), more
precisely in West Junggar, in the Xinjiang Autono-
mous Region of China (Fig. 1B). This region has had
a complex tectonic evolution and is known to be the
source of numerous minerals making it an attractive
area for geologists (Yakubchuk, 2004; Seltmann &
Porter, 2005; Shen et al., 2013, 2016; Cao et al., 2015).

Based on the geological background of this area,
it seems that it has more ore deposits in comparison
to those discovered; probably, previous exploration
methods used in this region were not sufficient.
This is one of the reasons for conducting the pres-
ent study, so as to enhance the exploration for the
purpose of discovering further hidden ore deposits.

The aim of the present paper is to identify ge-
ochemical anomalies of Au and to determine the
possible factors and conditions facilitating the for-
mation of its anomalies by referring to As and Hg
as its pathfinder elements. Geostatistical analyst
methods have been applied to 9,852 bedrock and
stream sediment geochemical data collected by the
No.1 Geological Survey Team of the Xinjiang Bu-
reau of Geology and Mineral Resource Exploration,
over a total surface of 1,280 km?. Factors that influ-
enced the formation of geochemical anomalies in
the study area are also discussed below.

2. Geological background

The study area of Xinjiang consists of two basins:
the Junggar Basin and Tarim Basin, which are di-
vided by three parallel mountain ranges, orient-
ed east-west and north-south, respectively. These
ranges are the following: Altay Mountains (i.e.,
Gold Mountain in the local language), Tianshan
Mountains and Kunlun Mountains. Samples have
been collected from the west of the Junggar Basin
which is located within the southwest of CAOB and
includes the Gurbantunggut Desert (Chow, 2009).
It is one of the most concentrated areas of gold min-
ing in Xinjiang, and it is also one of the key areas in
chromite production in China (Zhu, 2014).
Furthermore, the study area contains rivers
from which stream sediment samples were collect-
ed (Fig. 2). The folds in this area are more devel-
oped; five main folds are distinguished, as follows:
the Aketamu syncline fold, the Keketale syncline
fold, the Bieluagaxi anticline fold, the Hongqi syn-
cline fold and the Hongshan syncline fold. In addi-
tion, the fault structures are also extremely devel-
oped and contain five main faults, the Hatu fault,
Angqi fault, Honggqi fault, Sartohay fault and Darbut
fault. These faults generally show a northeasterly
trend. They control the distribution of strata, in-
trusive rocks, minerals and regional geochemical
anomalies. Many secondary faults are well devel-
oped. Based on their direction, they could be di-
vided into three groups: northeast, northwest and
east-west. All major faults in this area are associated
with well-developed subsidiary fractures, which is
the key control of lithologies and magmatism, and
it is also important in locating mineralisation are-
as (Shen et al., 2007; Chen et al., 2010). This proves
that the West Junggar has a high potential for future
mineral exploration. In this area, the two greatest
volcanics-hosted gold deposits (the Kuoerzhenkuo-
la and Buerkesidai gold deposits) have been discov-
ered, to which different models have been applied
(Yin et al., 1996; Guo, 1997; Wang et al., 2004). The
extensive study done by Shen et al. (2007) on the ge-
ology, geochemistry and geochronology concluded
that both have the same genesis and are classified
as volcanogenic hydrothermal gold deposits. Nu-
merous copper and gold ores have been discovered
in the West Junggar even though this area has only
been subjected to minimum exploration; this means
that the area should be taken into consideration
as particularly potential for future mineral explo-
ration and discovery of copper and gold deposits.
All mineral deposits in the West Junggar region of
the northern Xinjiang Province are related to recog-
nised geochemical anomalies (Yuan et al., 2015).
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Volcanic rocks in the study area are better de-
veloped and the Middle Devonian-Upper Carbon-
iferous strata are extensive. The volcanic activity
was dominated by eruption explaining why the
lithological composition mainly is volcanic clastics.
The Middle Devonian is a volcanic complex depos-
ited by marine volcanic debris sediments, which are
mostly composed of basalt-andesite-dacite-rhyolite
series. The rock series is predominantly calc-alka-
line. The lithology of this area is composed main-
ly of tuff, tuff crumbs, siliceous rock, tuffaceous
sandstone, tuffaceous silty mudstone, andesite and
others. Some rocks around the Sartohay fault were
probably formed in island arc during the Late Car-
boniferous (Liu et al., 2009a). Geochemical charac-
teristics of the Baobei volcanic rock have shown it
to be from an oceanic island arc (Zhu & Feng, 1994;
Wang, 2005).

According to Yin et al. (2010), mineralisation
and tectonic transition in West Junggar were gen-
erated during the Carboniferous and its strata con-
sist mainly of a succession of Devonian to Carbon-
iferous volcano-originated sediments. This region
is dominated by well-developed volcanic rocks
(Han et al., 2006; Geng et al., 2009). Its tectonics,
discussed in general by Geng et al. (2009), are re-
flected in high-temperature, low-pressure magmas
of Late Carboniferous age. Its granitic intrusions
are mainly of the I- and A-types (Zhang et al., 2006;

area, showing the location of the allu-
vium and bedrock samples and their
boundary.

Yuan et al., 2006; Su et al., 2006; Yin et al., 2010),
on account of the high temperature regime from the
lithospheric mantle metasomatised (Chen & Arak-
awa, 2005; Tang et al., 2012). The structure shows
that this region has many faults that are oriented in
northeasterly and southwesterly directions (Zhang
et al., 2001; 2012; Yang et al., 2017) on which grani-
toids and ophiolitic mélanges are found (Yang et al.,
2013, 2015, 2017); this is the most valuable source
of copper and gold in northwest China (Rui et al.,
2002; Zhu et al., 2007) (Fig. 1C). The lithostratigra-
phy of this region mostly documents volcanic-sed-
imentary strata with a close relationship to faults.
Its mineralisation is due to the complex activities of
tectonics and magmatism (Yang et al., 2015, 2017).
Various mineral deposits have been discovered
in this area, and the most often recognised are por-
phyry copper and gold deposits. Moreover, this re-
gion also is rich in nickel, chromite, tungsten and
molybdenum (Liu et al., 2009a; Shen et al., 2013,
2016; Zhu, 2014; Cao et al., 2015). Many chromite
deposits were found in the Darbut ophiolitic belt
(Shen et al., 2015) and in its east, there are the Sarto-
hay deposits with high-Al podiform chromite ores
(Tan & Zhu, 2010). The largest gold ore deposits of
West Junggar are concentrated in the Hatu zone
(Shen et al., 1993) and are classified as quartz veins
ore and altered rocks ore (Shen et al., 2015) and ex-
plained by Rui et al. (2002) as controlled orogenic
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gold deposits. Apart from being dominated by gold
and chromite, this region is an oilfield for China as
well as a potential exploration for Cu-Au-Pb-Zn. In
addition, this region has complex tectonic and mag-
matic activities which have resulted in numerous
mineralisations (e.g., porphyry Cu and Au depos-
its, porphyry-quartz vein-greisen tungsten and Mo
deposits, copper-nickel sulphide deposits and pod-
iform chromite deposits) (An & Zhu, 2009; Liu et al.,
2009b; Zhu, 2014).

3. Material and methods

Geochemical investigations include two main
steps: sampling and analysing the concentration of
chemical elements from the sampling region. The
method used to collect samples until final data are
obtained will determine the quality and usefulness
of geochemical data. In addition, geochemical and
geological explorations are the cheapest methods
compared to other methods used in exploration
(Mwangi, 2013).

Prior to sample collection, the study area was
divided into four equal parts. In the study area of
1:50,000 geochemical surveys scale of 1,280 km?,
the total collected samples were 9,852, inclusive of
566 stream sediment samples collected in western
part of the study area and 9,286 bedrock samples
collected in the remainder of the study area using
GPS, compass and other tools. The original weight

of the collected samples on the field in bed rock was
generally 300 gr on a regular spacing of 40 m with
a density of 5.25/km? and 400 gr with a density of
8.12/km?for the linear water system, where the dis-
tance between the two sampling points was gener-
ally not less than 300 m and not more than 800 m. A
total of 9,852 sampling sites were completed, with
an average sampling point density of 7.87/km? The
samples originate from rocks of Holocene, Jurassic,
Triassic, Carboniferous and Devonian age and from
granites and diorites. Figure 2 represents only the
western part of the study area where stream sedi-
ment samples were collected, and the unillustrated
part contains merely bedrock samples. Following all
inspections, the overall quality of samples fit the re-
quirements of the 1:50,000 geochemical survey scale.
During chemical analysis, various types of instru-
ments participating in the analysis were calibrated
by the Institute of Regional Metrology and Testing
to ensure the normal operation in the analysis of
large quantities of samples. The instruments and
measurements used in this analysis are listed in Ta-
ble 1. The concentration values of 15 elements were
measured in this study (Au, Ag, Cu, Pb, Zn, As, Sb,
Hg, W, Sn, Mo, Bi, Cr, Co, Ni) and concentrations of
As, Hg and Au from these samples have been taken
into consideration for identifying their anomalies
and attempting to predict factors and relationships
between their anomalies. During data analysis, de-
scriptive statistics have been calculated, including
minimum, maximum, sum, mean, standard devia-

Table 1. Analysis of 15 elements measured in the present study.

. Detection limit Rate of data Precision Accurac
Element Analytical method (ne/2) report (%) RSD% 5 AlgCy

As AFS 0.50 100.0 6.5 -0.023
Sb AFS 0.08 100.0 7.8 -0.087
Bi AFS 0.03 100.0 5.8 -0.021
Hg AFS 0.004 97.7 5.6 -0.015
Cu ICP-OES 0.50 100.0 7.7 -0.114
Zn ICP-OES 5.0 100.0 6.4 -0.085
Co ICP-OES 0.80 100.0 94 -0.135
Ni ICP-OES 0.80 100.0 7.4 -0.216
Cr ICP-OES 25 96.8 10.7 -0.327
W POL 0.25 98.9 125 0.089
Mo POL 0.30 96.1 14.6 -0.133
Ag AES 0.025 100.0 8.5 -0.091
Sn AES 0.70 99.0 9.0 0.035
Pb AES 3.0 99.5 7.4 0.006
Au Graphite oven 0.0003 100.0 - -

AFS: Atomic Fluorescence Spectrometry.

ICP-OES: Inductively Coupled Plasma Optical Emission Spectrometer.

POL: Oscillopolarography.
AES: Spectrum Deep-Hole Electrode Method.
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Fig. 3. Histogram of raw material data.

tion, variance, skewness and kurtosis. By observing
the properties of these data (Fig. 3), it was indicated
that they are not normally distributed; thus, it was
necessary to normalise them using log-transforma-
tion and quantile-quantile plot. These statistical cal-
culations were performed using the Statistical Pack-
age for the Social Sciences (SPSS) and Eviews.

In order to analyse precisely the geochemical
characteristics and anomalies of the elements by
ArcGIS mapping, the original data were trans-
formed into 0.5 km x 0.5 km window data (grid size
0.5 km x 0.5 km, with a radius of 1.5 km calculated
by exponential weighting method). The geostatisti-
cal analyst applied was the kriging method, which
is based on the autocorrelation between two points
of a given variable as shown by:

2(8) = p(s) * &(s) 1)

where yi(s) represents a deterministic trend, (s) in-
dicates a random autocorrelation error, s being the
location of a point. The existence or absence of di-
rectional trend measured by y(s) is the basis of se-
lecting the kriging method. The ordinary kriging
is applied when the directional trend is unknown,
while simple kriging is applied for known direc-
tional trends (Ashok et al., 2007).

Due to the unknown directional trend, the ap-
plied ordinary kriging formula is generalised as:

n(u)

*(u) = 24 A,()Z(u,)

n(u)

-2 A w)|m @

the Z* (u) stands for the ordinary kriging esti-
mate at location u, n(u) indicates the number of
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data used at neighbourhood location, Z(u,) are the
n measured data at locations ua close to location
u. m represents the mean distribution, A (u) is the
weight for location calculated based on variogram
model given by:

_L"
)= o & G

p 2(u; + h)y

®)

where, n equals to the number of data pair sepa-
rated by distance , both z(u)) and z(u, + h) are the
values of data at given locations also separated by
distance h.

During interpolation, the five steps have been
applied, as follows: selection of geostatistical an-
alyst method, selection of the kriging type, appli-
cation of semivariogram/covariance modelling,
searching neighbouring data points and then pre-
dicted values vs measured values. Semi-variogram/
covariance modelling was applied on spatial auto-
correlation of the data which statistically display
the correlation of nearest data points. Some of the
data are far from measured data points and have no
correlation to the predicted locations. So, these data
should not be used to predict the value of unmeas-
ured locations.

4. Results
4.1. Statistical analysis
A summary of statistical calculation of As, Hg and

Au elements data is shown in Table 2 where the
high skewness and kurtosis from the concentration

Table 2. Statistical analysis of As, Hg and Au data from the study area.

Elements N Minimum Maximum Sum Mean Std. dev. Variance Skewness Kurtosis
As (ppm) 9852 0.54 1802.00 137157.96 13.92 34.98 1223.60 28.99 1124.35
Hg (ppb) 9852 2.50 1054.00 103395.00 10.50 16.29 265.48 41.15 2184.49
Au (ppb) 9852 0.00 5748.00  53482.35 5.43 73.97 5472.58 61.20 4292.34
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Table 3. Descriptive statistics of log-transformed of As, Hg and Au.

Elements N Minimum Maximum Sum Mean Std.dev. Variance Skewness Kurtosis
Log-As 9852 -0.69315 7.496652  23071.47 2.342281 0.62105 0.386 0.861284 8.09984
Log-Hg 9852 0.91629 6.960348  22052.36  2.238819 0.375295 0.141 1.914306 16.17116
Log-Au 9852 -1.60944 8.656607 8384.94 0.851263 0.897654 0.806 0.573932 6.40775
2,800 3,500 2,400
N = 9852 N = 9852 — — N=9852
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Fig. 4. Histogram displaying frequency distribution of As, Hg and Au data for the study area.
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Fig. 5. Quantile-quantile plot for natural log transformed to base 10 of As, Hg and Au concentrations. Blue plus (+) are

ignored outliers, prior to interpolation.

value indicate that their data sets have non-normal-
ly distributed outliers (Table 2). Particularly, the Au
skewness (61.20) and kurtosis (4292.34) coefficients
reach the highest point, which means that these
concentration values are positively skewed (Yuan
et al., 2015).

In order to normalise the data set, the log-trans-
formed was calculated and the results are shown
in Table 3 and Figure 4. The original data were
plotted using q-q plot (Fig. 5) which distributes
all data, both minimum and maximum, along the
mean value and shows the degree of deviation of
data from the mean value. This level of deviation
indicates whether data are depleted or enriched in
its area of origin. The quantile-quantile plot shows
the uniformity and stability of data on the mean
line which provides a great help in data analysis

(Fig. 5).

4.2. Quantile-quantile plot method

Quantile-quantile is a common method used to
determine the statistical frequency characteristics
of data. By using this method, it is easy to identi-
fy whether the data are distributed normally or
lognormally or not (Cheng et al., 2000; Yuan et al.,
2015). The results of statistical analysis of As, Hg
and Au concentrations show that all three elements
are not normally distributed but are almost lognor-
mal distributed, except for a few outliers that high-
ly deviate from a straight line on low concentration
and high concentration as indicated by small blue
plus (+) (Fig. 5). It also indicates that this distribu-
tion is a result of mixed concentrations. According
to Zuo et al. (2009), the multiple geological process-
es are the factors that control such kind of distribu-
tion that result in mixed concentrations.
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This linear fitting method could not represent all
data on a single straight line as it shows strongly
deviating data, so these data should contain mul-
tifractal characteristics (Yuan et al., 2015). The in-
formation provided in Figure 5 is helpful by giving
prior knowledge in mapping singularity detailed
by Cheng (2007, 2008a, 2010), Cheng & Mao (2010),
Zuo et al. (2009) and Yuan et al. (2012, 2015).

Point 2, as an intersection of x and y axes (Fig. 5),
is the highest data point located on quantile-quan-
tile plot straight line and from this value, the data
slowly start deviating from a straight line. This
means that the concentrations of deviating data and
that of data fitting on a straight line have a large dif-
ference. The highly deviating data probably reflect
the zone of high concentration. Thus, that value
can be taken as a reference that all data which have
values above point 2 represent samples taken from
high concentrated zone.

4.3. Kriging interpolation

Kriging interpolation mapping was used to create
a contour map which presents the spatial distribu-

tion of elements. It is applied by moving a circular
window with associated parameters to regulate
the weighting values at nearest points. The param-
eters used are usually: (i) radius, (ii) decay ratio of
the weighting function, (iii) maximum number of
samples for each window (Cheng et al., 1994). A
maximum of five samples per window have been
used from which one sample is located in the cen-
tre of the window and the other four samples are
neighboring points contributing to the interpola-
tion of surface values of that location. Cross-val-
idation generates a surface map of anomaly con-
centration distribution based on predictions and
calculations as the result of all processes discussed
in Section 3.

In the present study, median was considered as a
background value (10.2 ppm for As, 9.13 ppb for Hg
and 2.5 ppb for Au) (Hawkes & Webb, 1962), while
the 95" percentile considered as a threshold value
(28.03 ppm for As, 16.71 ppb for Hg and 8.2 ppb for
Au) (Wilde et al., 2004), and all values greater than
thresholds are geochemical anomalies. All the ge-
ochemical anomalies found are shown in Figure 6,
based on their concentration values distinguished
by different colours.
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Fig. 6. Map produced by kriging interpolation to show geochemical anomalies of As, Hg and Au along with the main
faults and folds: 1 - the Aketamu syncline fold; 2 - the Keketale anticline fold; 3 - the Bieluagaxi anticline fold; 4 - the
Honggi syncline fold; 5 - the Hongshan syncline fold.
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Fig. 7. Map showing location of geochemical anomalies along faults and active gold mines, as based on spatial distribu-

tion of element concentration values of Au, As and Hg.

The concentrations of As in the study area have
a great affinity and correlation with faults, especial-
ly in the south-south-west where its high concen-
tration relies on the Hatu fault as main fault and
its related secondary faults towards to the west.
It shows a high depletion of concentration in the
north-north-west close to Tiechanggou where there
are very few secondary faults and almost no junc-
tions. It also shows a low concentration in the east
of study area due to the lack of numerous fault junc-
tions (Fig. 7A).

Hg shows that the anomaly concentration is
relatively small (values greater than 16.71 ppb)
compared to As (i.e., values > 28.03 ppm), but the
location of their anomalies are almost in the same
segments except for a few high concentration found
near the Darbut fault in the south-south-east of the
study area (Fig. 7B).

The spatial distribution of Au concentration in-
dicates that high anomaly concentrations are dis-
tributed near or close to the faults, especially in
junctions. There is a depletion of concentration in
the northwest of the study area at Tiechanggou,
not only because of faults and folds shortage, but
also because that region is composed of syenogran-
ite which does not enhance ore mineralisation. The

same case was observed with these three elements
in the south-south-east from the Darbut fault to-
wards the southeast due to the lack of secondary
faults.

5. Discussion

5.1. Anomaly recognition

The kriging interpolation method has become a
successful approach in mineral exploration and
data interpretation, in particular geochemical ex-
ploration data (Cheng, 2008b; Zuo, 2011; Yuan et
al.,, 2012). The ordinary kriging is a linear geostatis-
tical approach based on a stationary second-order
hypothesis (Matheron, 1963; Yuan et al., 2015) and
significantly delineates the spatial variability of the
data set. The procedures have been discussed above
and for additional detailed information, reference
is made to Zhang (2005) and Ashok et al. (2007).
The maps produced in the present study indicate
differences in geochemical anomaly concentrations,
so that we can conclude that kriging interpolation
effectively identifies geochemical anomalies, and at
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the same time controls the spatial distribution of el-
ements. The disposition of fault systems and folds
indicate stress difference within geological bodies
which produces the decompression of local envi-
ronment. That decompression facilitates the flow of
hydrothermal fluids (Zhao et al., 2016).

Geochemical data from stream sediments in this
area reflect the geochemical traits of bedrock; not
only are they more useful for examining geochem-
ical anomalies related to geological bodies (Cheng,
2007; Wang et al., 2011a, b; Zhao et al., 2012), they
also yield geological information on the environ-
ment they pass through (Bogoch et al., 1993; Hao et
al., 2007; Brantley & White, 2009). In a study con-
ducted by Jiang et al. (2006), it was proved that this
kind of data can be regarded as relevant sources of
geo-information in geological trait identification
and mapping of mineral potentials.

Based on the maps produced by the kriging
method in the present study, the high and low
anomaly concentrations are identified. Most of the
high anomaly concentrations rely on faults and ac-
tive gold mines. The location of high or low anomaly
concentrations of gold is the same as both of As and
Hg. This means that both elements are closely asso-
ciated to gold. These results were verified in practice
by Zhao et al. (2016), who considered As, Sb and Hg
as mineraliser elements of Au, being mostly par-
agenetically associated with gold and acting in its
migration as well as migrating themselves through
hydrothermal fluids heading to the surface where
they precipitate under suitable conditions. That mi-
gration is linked to geological processes.

Most ore deposit anomalies are formed by ge-
ological processes and originate either from heat
geothermal activity or high degree of geological
processes. The small distance between anomaly and
heat source directly corresponds to the formation of
high anomaly concentrations, and it is known that
the anomalies related to mineralisation process are
complex, but occasionally they can be weak or com-
plex based on its spatial and frequency properties
(Zuo et al., 2009).

5.2. Factors of anomaly formation

5.2.1. Influence of fold and fault factors

As proposed by Nigrini (1970), Lasaga et al. (1977)
and Joesten (1983), the spread of metal is faster in
fractured rocks than in unfractured ones due to the
fact that hydrothermal fluids follow fractures along
the rock. Both fractured and altered rock facilitate
the formation of hidden ore when they are associ-
ated with geochemical anomalies (Liu et al., 2004).

The enrichment of As, Sb and Hg can produce
geochemical anomalies at the surface along faults
or around the junction of the faults in all directions
(Qian, 2009). Yuan et al. (2015) added that in the junc-
tion of faults or fractures zone were the two places
where mostly migration stops. The same case of us-
ing fault orientation as a reference to mineralisation
was used by Xiao et al. (2012), who relied on fault in-
formation for identifying and mapping geochemical
anomalies linked to Ag and Pb-Zn polymetallic min-
eralisation. Furthermore, the concealed ore deposits
are formed by hydrothermal fluids across fracture
systems (Liu et al., 2004). Faults and related fractures
in the upper crust help in fluid migration (Sibson &
Scott, 1998) and enhance permeability which con-
duct hydrothermal fluids, and act as sites of ore dep-
osition (Carranza & Hale, 2002; Cox et al., 2001; Li et
al., 2012; Micklethwaite et al., 2010). This ore-form-
ing process generally is associated with deformation
which is the main characteristic of the study area.
Such a region characterised by deformation has a
high permeable zone where the hydrothermal fluids
pass and form simple anomalies along the tempera-
ture zone. The permeability maintained by tectonic
movements in this area are crucial for the formation
of hydrothermal ore mineralisation (Prokof’ev, 2000)
and it was proved that the zonal temperature field
is very important for localising hydrothermal min-
eralisation, giving direct reflection to the anomalous
geochemical field. Usually, the hydrothermal gold
deposits must be accompanied by a set of chemical
elements, whereby they complicate the anomalous
structures of geochemical fields (Voroshilov, 2009).
Those anomalies associated to hydrothermal depos-
its undergo transformation in the development stag-
es of hydrothermal ore metasomatic systems. In the
initial mineralisation phase, ore formation is possi-
bly associated with pressure variations which are a
result of tectonic movements in the area (Voroshilov
et al.,, 2014) and this mechanism of ore-forming hy-
drothermal systems influences the composition of
geochemical anomalies.

Generally, an area with many faults and folds,
especially in the junction of faults, shows large and
high anomaly concentrations (Figs. 6, 7). This sub-
stantiates the views expressed by Risdianto et al.
(2010) that the intersections of faults might create
the permeability in depth and influence the flow of
geothermal fluids from reservoirs; that author also
added that lithology can also intervene in the con-
trol of the formation of geochemical anomalies. The
abundance of faults and their junctions are associat-
ed with the strong anomalous area; this means that
the increase of fault junctions strengthens anomaly
concentrations.
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Fig. 8. Map illustrating the relationship between high geochemical anomaly concentration of As (in ppm), Hg (in ppb)
and Au (in ppb), based on original concentration values in the study area. I, I & III are the regions of high anomaly

concentration.

Normally, mineralisation and distribution of ore
are controlled by fault systems (Cheng et al., 2011)
and it is not compulsory for the ore to be directly
under the anomaly surface (Hawkes, 1976). Concen-
trations in the study area are controlled mainly by
the Hatu and Sartohay faults and their related sec-
ondary faults. Those three element anomalies have a
close relationship with high abnormal intensity, but
contrary, they are affected by the Angi, Hongqi and
Darbut faults. This map, as other maps of anomalies
produced by geochemical exploration techniques, is
the key tool for drilling in order to locate the depth
at which ore deposits occur (Hawkes, 1976).

Figure 8 illustrates the high concentrations of
As (37.2-1,802 ppm), Hg (17.7-1,054 ppb) and Au
(20-5,748 ppb). The high concentrations represent-
ed in this figure are not only oriented north-north-
east-south-south-west but are also in oblique and
parallel form which matches the faults” orientation
in this region. The enrichment of anomalies along
the main faults indicates the direction and orienta-
tion of hydrothermal fluid flows during anomaly
formation. That accumulation of high concentra-
tion of these three elements has a close relationship
with current geological settings, and this is linked
to intense geological processes and weathering pro-
cesses that occur mostly in areas which undergo
numerous deformations such as mining regions,
faults and fractures. Those deformations facilitate
the migration and dispersion of hydrothermal flu-
ids and haloes. Furthermore, the enrichment of
anomalies shows the association of ore-forming el-
ements which is the preliminary condition of min-
eralisation in this area. In such a region dominated
by magmatic rock, the mineralisation is directly
controlled by fault systems. Those faults involve pi-
loting distribution of magmatism intrusion, flow of
hydrothermal fluids and rock magmatism.

The distribution of As, Hg and Au anomalies is
found to be in the same location (Fig. 8I—1III). From
this perspective, the high concentration of Au is

correlated with that of As and Hg as its pathfind-
ers. In addition, the connection between their high
anomalies also indicates that the origin and causes
of their mineralisation are probably the same or one
element depends on others, which proves the ap-
pellation of being a gold pathfinder.

5.2.2. Influence of mining site factors

However, looking at the known gold mining sites,
most of the new high anomaly concentration of Au
discovered in the present area are near or close to the
mining sites. This indicates that the formation of new
Au anomalies is influenced somehow by the current
mining site or by previous mining sites through geo-
logical or weathering processes. The areas surround-
ing gold mine correspond to high-concentration
accumulations of As, Hg and Au. These anomalies
might have a close relationship with past and current
gold mining sites. This is explained by the appear-
ance of As-, Hg- and Au-depleted anomalies far from
the mining areas. Seen in this light, the pathfinder
elements of Au have high concentration anomalies
as a result of intense geological processes influenced
by the presence of numerous faults and fractures.
Especially, the affinity between Au and As is very
strong; for example, gold and arsenic appear as in-
clusions in arsenopyrite and chalcopyrite, which was
confirmed by Huang et al. (2011). Micro- and mac-
ro-fractures may control gold mineralisation within
a whole deposit or in a single ore body. Further in-
formation indicates that gold concentration is lower
than its pathfinders mostly far from gold mine and
faults. This kind of anomaly distribution shows that
the distribution of gold and its pathfinder elements is
due to primary dispersion from the host rock.

6. Conclusions

The present study applies geostatistical methods to
bedrock and stream sediment data from West Jun-
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ggar in order to identify geochemical anomalies of

As, Hg and Au, and determine factors governing

the formation of anomalies. The findings are sum-

marised as follows:

1. Statistical calculations successfully determine
the background and threshold values which
are very important during mapping of mineral
potentials.

2. The kriging interpolation method showed the
effectiveness in locating geochemical anomalies
by performing spatial autocorrelation of data
for displaying the correlation of nearest data
points and predicting the value of unmeasured
location.

3. The number of faults and folds, in particular
their junctions, are directly proportional to the
strength of geochemical anomalies; their in-
crease or decrease in number have a significant
impact on the geochemical anomaly concen-
tration. Those faults, fracture systems and per-
meability together enhance an easier and faster
flow of hydrothermal fluids towards the surface,
which results in the formation of geochemical
anomalies.

4. Thenewly formed Au anomalies near the known
gold mining sites are influenced by the current
or previous mining sites through geological or
weathering processes. The lower concentration
of Au, in comparison to its pathfinders, far from
gold mine and faults, is due to the fact that their
anomalies are linked to primary dispersion from
the host rock.

5. The accumulation of high concentrations of these
three elements has a close relationship with cur-
rent geological settings of the study area due to
intense geological processes that mostly occur in
such regions with numerous mining sites, faults
and fractures.
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