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Abstract. Geo-anomalies with complex structures in the mineral exploration. Specialized methods must be developed
earth’s crust may be defined as preferable hydrothermal orefor identifying geo-anomalies from background.

forming targets. The separation and explanation of anomaly Anomalous patterns created by mineralization processes
from geological background have a profound influence onare often different in terms of spatial and frequency prop-
the analysis of geological evolution and the ore-forming erties (Cheng et al., 1994; Cheng, 2003, 2008; Zhao et
process. Usually one of the key steps to identify favorableal., 1996). Proper quantification of these spatial and spec-
exploration targets is to determine the threshold to sepatral properties can be essential for the identification of
rate anomaly from geological background. In this paper,weak or complex anomalies. Recently developed methods
the singularity theory and concentration—ar€a-4) fractal of fractal and multifractal analysis provide powerful tools
method was applied in determination of the threshold of geoto quantitatively characterize the geo-anomalies and spa-
anomalies. According to the thresholds, four singular mapdial structures across a range of scales in the context of
can be each divided into two segments. Each of them is corgeo-complexity (Cheng et al., 1994; Cheng and Agter-
related to the anomaly and background of the geological obberg, 1996b; Cheng, 2002, 2003; Cheng and Zhao, 2011;
jects (e.g., faults, fault intersections and contacts), which reAgterberg et al., 1996; Ford and McCuaig, 2010; Zhao
veals that the various geo-anomalies can be characterized st al., 2011). Local singularity mapping technique and the
the singularities. The results indicate that the local singularityconcentration—areaCA) fractal method, in the context of
method can be used to identify the weak anomalies in a lowfractal and multifractal analysis, have been widely applied
background. Logistic regression model was used to combindor geochemical anomaly recognition (Cheng et al., 1994,
geo-singularity maps for mineral potential mapping, which 1996a; Cheng, 2007, 2012; Gongalves et al., 2001; Zuo et
provides a useful input for further mineral exploration in the al., 2009a, b, ¢, 2012, 2013).

Nanling tungsten polymetallic belt, South China. The singularity analysis can be used to characterize geo-
chemical and geophysical anomalies based on continuous
patterns, and can also be used to characterize geological
anomalies on the distribution of discrete features such as
faults, fault intersections and diversity of lithology (Wang et
al., 2012). Quantification of those structure properties can as-
sist in understanding the inner structure of the geo-anomalies
The geo-anomaly is a geologic body or geologic body combi-that often provide clues to anomaly identification.

nation that is different from its adjacent settings in composi- Fayit systems (e.g., faults, fault intersections) and lithos-
tion, texture, structure, and genetic sequence (Zhao and Chjyatigraphic contacts as products of nonlinear geo-processes

1991; Zhao et al., 1996; Zhao, 2007). Separation and recogare frequently accompanied by energy released within short
nition of geo-anomalies from background is a basic task in

1 Introduction
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Fig. 1. Geological map of the study area modified from existing 1:2 500 000 scale geological map (CGS, 2011).

spatial-temporal intervals. Wang et al. (2012) applied thetectono-magmatic event, leading to the formation of min-
singular theory to characterize singular physical propertiesralized granitoids of various ages. The exposed strata in
caused by fault systems from a multifractal point of view. Nanling belt can be divided into three series. (i) The Sinian
The implementations in this paper are mainly from a per-to Silurian clastic rocks are composed of deep marine flysch
spective of geological complexity to evaluate mineral per-clastic construction more than 10000 m thick, constituting
spectivity including fault singularity, fault intersection sin- the basement of the study area (Li et al., 1991). (ii) Covering
gularity and lithostratigraphic contact singularity, which may rocks ranging from the Devonian to the Triassic in age,
achieve some breakthroughs on contact-type tungsten polywidely developed continental/marine paralic depositions are
metallic exploration in the Nanling belt. In addition to apply- distributed in the Nanling belt with a large area of outcrop-
ing singularity theory to study geological singularities, the ping carbonate rocks, marlstone with interbedded clastic
concentration—areaC(-A) fractal method was used to sepa- deposition and overall thickness of about 7000—8000 m. (iii)
rate anomalies, and finally the logistic regression model wasSince the Jurassic—Cretaceous period, the representative
used to integrate evidential maps for mapping tungsten polydepositions are rift basin clastic, volcanic rocks and red
metallic targeting areas. beds (Mao et al., 2007).

Tectonically, the Nanling belt is distributed on the strongly

folded/deformed basement and developed the largest scale

2 Study area early Mesozoic granitoids and rift basins in South China.
Major fault zones closely related to tectonic evolution of the
Nanling belt impact on the size, distribution and direction of
; ; ; Meso-Cenozoic basins.
The Nanling belt lies along the Hunan-Guangxi, Hunan The Nanling metallogenic belt is characterized by a record

Guangdong, and Jiangxi-Guangdong provincial bor- " . ) .
ders (Fig. 1). Since the early Paleozoic, this region hasOf repeated granitic magmatism since the Neoproterozoic.

experienced multiple tectonic events, including the Cale-MtejOZOIC |gneccj)us rocks are t,h(; rr&qstgds\l/ygxpﬁsegtl)néhe
donian and Indosinian orogenies and the Yanshaniarp HdY aréa, and many are enriched in sn, ¥, bi, Mo, Fb, 2n,

2.1 Geological setting and mineral deposits
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and Cu ore deposits (Hua et al., 2005; Hu and Zhou, 2012)with mineralization within a multifractal context. The phe-
Three main episodes of the Mesozoic magmatic events havaomenon of singularity can be described by the following
occurred: Triassic, Jurassic, and Cretaceous. They are compower-law model (Cheng, 1999a, 2008).

ventionally referred as the Indosinian, early Yanshanian, and

late Yanshanian stages of orogeny (Zhou and Li, 2000; Lio(r) o2, (1)

et al., 2004). On the lithology, alkali feldspar granite and . . o . .
syenogranite are the main mineralized rocks. Slates, phylWhereo(r) is the average density within a region (circle as
lites, mudstone, clastic rocks, and carbonate in basement aP€cial shape) of size(scale), andr is the exponent of the
characterized by high background contents of tungsten anaower—law relationship. If th_e distribution of the exponent
other metallic element, which principally occurred in the IS & constant, then the spatial pattern follows the monofrac-
Sinian, Cambrian, Ordovician, Devonian and Permian (Cher’fal distribution; otherwise, ic has multiple values, then the
etal., 1990; Hua et al, 2010; Hu and Zhou, 2012). spatial pattern follows a multifractal distribution.

The evolution of contact-type tungsten mineralization oc- " & two-dimensional singularity map, the dimension of
curred from Caledonian to Yanshanian in the Nanling belt. @ Set withx is close to 2 (box-counting dimension), which

Especially Yanshanian larger scale ore-forming within gcorresponds to backg.round. values that occupy the greatest
short interval time reveals the mineralization process exhibit-Part of the map. The dimensions of the other areas g2,
ing unexpectedness, singularity, uniqueness and complexit)y,"h'Ch imply that the areas with singular values are relatively

which made the region become one of the most importamsma” in comparison with the areas with nonsingular values
metallogenic belts in the world. Rich and various mineral re- (Packground values), corresponding to anomalies. Apply-

sources and huge potential for mineralization are the mairi"d the concept of singularity analysis to a geo-complexity
driving forces for ongoing mineral exploration activities in Map. the positive singularity(< 2) usually corresponds to

this belt. “enhancement” of geo-complexity related to mineralization,
whereas the negative singularity & 2) corresponds to “de-
2.2 Deposit model pletion” of geo-complexity related to mineralization. There-

fore, the estimation of singularities from a geo-anomalous
The Mesozoic mineralized granites are characterized by enmap might provide useful information for interpreting geo-
richment of W-Sn elements, and have undergone multi-stagéogical singular characteristics related to mineralization or
differentiation, evolution, emplacement and mineralizationlocal structures of geological objects. From an application
in the Nanling belt (Chen et al., 1990; Mao and Tan, 1998;point of view, the window-based method can be applied
Liu et al., 2010). Genetic types of tungsten polymetallic in the case studies to measure the singularities of geolog-
deposits were significantly affected by granites and hostical complexity (Cheng, 1999b). The singularity index can
rocks. In most cases, different host rocks determine differ-be used to characterize distributed fault density (Wang et
ent genetic types (Fig. 2). For example, skarn-type or skarn-al., 2012). In this paper, we apply the singularity index to
greisen-type tungsten polymetallic deposits usually host instudy the complexities of faults, fault intersections and lithos-
crystalline limestone and marble; vein-type tungsten poly-tratigraphic contacts aided by ArcGIS and GeoDAS soft-
metallic deposits usually host in metamorphic sandstone anavare (Cheng, 2000).
slate near the contacts (Pei et al., 2009; Mao et al., 2009). Pei
et al. (2009) proposed that tungsten—tin polymetallic miner-3.2 Concentration—area method

alization was mainly controlled by the contact tectonic sys- . . )
tem of magma intrusions in the study area, and thus fault sys] "€ €—4 method is a simple density—area model for charac-

tems (e.g., faults, fault intersections) and lithostratigraphict€"1Zing anisotropic scale invariance, which has been widely
contacts are important factors for tungsten polymetallic min-aPPlied in distinguishing populations on the basis of dis-
eralization, which provide important hydrothermal transport iNct self-similarity or power-law relationships (Cheng et al.,
channels in the process of magmatism that might result in the-994, 1996b; Goncalves et al., 2001; Deng et al., 2010; Sun

formation of tungsten polymetallic deposits in the context of €t &l 2010; Pazand et al., 2011). The concentration-area
contact tectonic system. method is applied to analyze the structure of geochemical

or density maps.

3 Methods and data Alp=p)=p"7, 2

3.1 Singularity index wherea denotes the fractal dimension for the concentration—
area method, and (o) represents the cumulative areas en-

Singularity as a special phenomenon is caused by anomalougosed by contours with values less than or equal.tBqua-

energy release or material accumulation occurring withintion (2) can be fitted by straight lines on a log-log space.

narrow spatial-temporal intervals (Cheng, 2007), which carnDifferent slopes of the straight lines-§) correspond to dif-

be used to characterize the geological complexity associateferent sets of similarly shaped contours. The breaks in slope
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Fig. 2. Deposit model of the contact structural system of magma emplacement (modified after Pei et al., 2009).

on the power-law graph can be used to distinguish groups of
samples with different spatial and intensity characteristics. 1
pi= 1+ e—(@+Brxa+Boxo++Buxn)

(i=1723”'7m) (3)
3.3 Logistic regression model

Various regression models have been applied in mineral reM- @)1= '”[H”iyl(l_”")l_”]:;[yi'”(lflpi)Jrln(l_pi)] @)

source assessment for the past three decades (Agterberg and ,, - -

Divi, 1978; Agterberg, 1981; Carranza and Hale, 2001), = Y [y (e + Bix1+ Boxa + -+ fixe)

among which the logistic regression model based on the lo- =*

gistic distribution is a powerful tool for the quantitative anal- —IN(d+e Rzt =1,2. . m),

ysis of a dichotomous dependent variable, clarifying the im-whereL (9) donates the product of the marginal distribution,

pact factors of the dependent variable. Logistic regressiorand p is the probability that the dependent variabje (s

model is a probabilistic nonlinear model, which is appropri- 1. p/(1— p) is the likelihood ratiox is the intercept, and

ate for constructing various complex real world phenomenag, 82, - - -, B, are coefficients that measure the contribution

(McCarthy et al., 1995). Logistic regression involves fitting of independent factorgxy, x2, -+, x,) to the variations in

the dependent variable in the following form: y. Note that all the variables in the model are binary vari-
ables representing presences or absences of the correspond-
ing variables.
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In logistic regression, the regression coefficients were ob-
tained by maximum likelihood estimation using Newton’s
method, performed in the compiled Matlab program. The
relative importance of the independent variables can be as-
sessed using the corresponding coefficients, and the signifi-
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cance can be assessed by the level of significance of the re-
gression coefficients, especially Wald’s statistic, which ap-
proximately follows a chi-squared distribution. The natural
exponent of the regression coefficient, ekp(is called oc-
currence ratio. exg{ > 1) indicates the independent variable

has a positive impact on the dependent variable; gxg(1
indicates that the independent variable has no impact on the
dependent variable, while exp(> 1 indicates that the in-
dependent variable has a negative impact on the dependent
variable. z

&
&

3.4 Data

The data used in this study consist of a 1:500000 geo-
logical map compiled from the Chinese Geological Sur-
vey (CGS), which contains major faults, secondary faults °
and geological units. Fault intersections were extracted from -
secondary faults. Lithostratigraphic contacts were extracteds s
between Yanshanian granitoids and formations. Those for-z
mations contain the Sinian, Cambrian, Ordovician, Devo-
nian, and Permian. Fault systems (e.g., faults, fault inter-
sections) and lithostratigraphic contacts were manipulated
in ArcGIS to generate linear density map and point den-
sity map, and then a certain nhumber of points were ran-
domly extracted from density maps, and then valueg of
were calculated using GeoDAS (Cheng, 2000). We set square
windows with half window sizes ranging fromyin = 2 km, Fig. 3. (A) Map showing the Yanshanian granitic contacts density
6km, 10km, 14km, ...rmax= 22 km with an interval of  singularity, andB) Log-log plots for the Yanshanian granitic con-
4 km. Amore detailed process of the valuegafan be found  tacts.

in Cheng (2007) .

4 log (1. 9724)=0. 6793
3

2

06 07 08 09
Log (Boundary Density)

B

1.97. For the major fault (Fig. 5a, b), the left-hand line seg-
ment represents background value, whereas the right-hand
line segment represents anomalies, corresponding to the sin-
The C—A method was used to separate anomalies from backgular value equal to or smaller than 1.98. For the fault in-
ground for all four singular maps, and then a logistic modeltersection (Fig. 6a, b), the left-hand line segment represents
was used to measure the importance of the binary singulabackground value, whereas the right-hand line segment rep-
maps and integrate four binary singular maps for tungsterresents anomalies, corresponding to the singular value equal
polymetallic mineral potential assessment. to or smaller than 1.95.

On the basis of log-log plots of value versus area of cells, The estimated logistic regression coefficients and their
the C—-A plots for these four geological singular maps can corresponding statistical indicators of significance are given
be modeled with two segments, which represent anomaliegh Table 1. The coefficients of regression were converted to
and background, respectively. For the Yanshanian granitithe power of the natural Igg) in the fifth column headed
contact (Fig. 3a, b), the left-hand line segment representexp(@). If the coefficient is positive, its transformed log value
background value, whereas the right-hand line segment repwill be greater than one, meaning that the event is more likely
resents anomalies, corresponding to the singular value equéb occur. Otherwise, its transformed log value will be less
to or smaller than 1.97. For the secondary fault (Fig. 4a,than one and the odds of the event occurring decrease. The
b), the left-hand line segment represents background valueexp(8) values show that all the binary singular map predic-
whereas the right-hand line segment represents anomaliemrs (independence variables) have a better predictive abil-
corresponding to the singular value equal to or smaller tharity (Table 1). The significance can be examined by Wald's

4 Results
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Fig. 4. (A) Map showing the secondary fault density singularity, and

(B) Log-log plots for the secondary faults. Fig. 5. (A) Map showing major fault density singularity, and

(B) Log-log plots for the secondary faults.

statistic, which approximately follows a chi-squared distri- areas, such as supergiant deposits of Shizhuyuan, Yaogang
bution (Ohlmacher and Davis, 2003). Wald's value of sec-and Piaotang, and large deposits of Dajishan, Xiaoshan and
ondary fault is the most statistically significant map predic- Dabaoshan. However, west and southwest parts of the area
tor, because there is a largest Wald value equal to 114.7are not well-explored.
Wald’s value of major fault is least statistically significant, = The highest prospectivity zone occurs in the central parts
because there is a smallest value equal to 17.08. Howeveqf the study area, such as zone A, zone B, zone D and zone
with one degree of freedom and a confidence level of 95 %, itE, mainly resulting from the emplacement of the Yansha-
is also significant. The results indicate that secondary faultsiian intrusive rocks, especially the emergence of small in-
control the occurrence of deposits spatially and have mordrusive rocks that are often accompanied by intensive min-
impact on tungsten polymetallic mineralization, correspond-eralization, leading to the formation of several large giant
ing to major faults. deposits, such as Shizhuyuan tungsten polymetallic deposit
The logistic regression model does not require the aswith 750 000 tons of resources.
sumption of conditional independence and hence its output The higher prospectivity zone also occurs in the north bor-
is not affected by the correlations amongst the input pre-ders between the Nanling belt and Shihang belt (Mao et al.,
dictor maps. Four binary maps are integrated by the logis2011), associated with the large-scale tungsten and tin miner-
tic regression model: (1) secondary fault, (2) major fault, (3) alization at 160-150 Ma caused by subducted plate window
fault intersection, and (4) lithostratigraphic contact. Figure 7in the central part in South China and bounded in the west
shows that the southeast, northeast and central parts of tHey the Shihang suture (Mao et al., 2011). The prospectivity
area are well-explored, and a few of the large and giant tungzones, such as zone |, zone G and zone Q, extend northeast
sten polymetallic deposits are located in those high potentiatrending.

Nonlin. Processes Geophys., 20, 44853 2013 www.nonlin-processes-geophys.net/20/445/2013/
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Table 1. Coefficients of the logistic regression and corresponding statistical indicators of significance of four binary singular map predictors.

B Wald's SE expg) 95%ConLow 95% ConUp
Intercept —4.8375 1127.888 0.144  0.0079 —5.1199 —4.5552
Granitic contact 0.8446 455015 0.1252 2.3271 0.5992 1.09
Secondary fault 1.5692 141.771 0.1318 4.8029 1.3109 1.8275
Fault intersection 1.2705 103.0695 0.1251 3.5625 1.0252 1.5157
Major fault 0.5255 17.0816 0.1272 1.6913 0.2763 0.7747
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Fig. 7. Potential map generated by logistic regression modeling.
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5 Discussion and conclusion
ol The novelty of this research lies in using geological singular-
ities for mineral resource potential assessment. The singular-
- - = - - - : ity index is the exponent of the power-law associating density

LG UoDere) with scale of geo-anomaly, and determines an essential di-

B mensional property of geo-anomaly that is independent of its

geometrical scale, which is capable of enhancing weak geo-

Fig. 6. (A) Concentration—area map for the secondary fault intersecanomalies caused by these ore-controlling factors. Fault den-
tions, andB) Log-log plots for the secondary fault intersections.  sjty fault intersections and lithostratigraphic contacts were
investigated as potential controlling factors as they had al-
Leady been shown to be important for tungsten polymetal-

R R S - T )

pa-:th; ?rfzzrglegr:gstﬁicr?q\gtréiioc?fethoecggLstt:\Tvéz(te—?]?)L:mS: ic mineralization (Chen et al., 1990; Hua et al., 2005; Mao
trending major faults, from zone G, after zone F, to zone N tal, 2007.)' The patterns of values calculated_for these

) ' ' ' 'ore-controlling factors illustrate that the areas withalues
extending more than 400 km. Two large tungsten polymetal-< 2 are spatially coincident with the locations of the most

lic deposits were discovered: Dajishan and Jubankeng. known tungsten polymetallic deposits. The paper shows that

In the westem part of the study area, there are also SomSeo—anomalies can be quantitatively and spatially character-

high prospectivity zones occurring, such as zone K, Z0N&ed by the geo-singularities of linear (e.g., fault, fracture,

L, zone O and zone P. prever, those ZOnes are not We”f:ontact) density and point (e.g., intersection, deposit, chemi-
explored, but have potential for future exploration.

cal sampling) density, and result in a better understanding of
the geological complexities. The evidential maps produced
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by singular analysis and concentration—areas method can b&gterberg, F. P., Bonham-Carter, G. F., Cheng, Q., and Wright, D.
combined to estimate the likelihood of the presence of min- F.: in: Weights of evidence modeling and weighted logistic re-
eral resources in a given area. gression in mineral potential mapping, edited by: Davis, J. C.
model, which is appropriate for constructing various com-A YorkI;, 13_F32F; 12?]3' B A and Good. D.: Multif |
plex real world phenomena. However, it is very hard to pro-~9t€rberg, F. P, Cheng, Q., Brown, A, and Good, D.: Multifracta

. - modeling of fractures in the Lac du Bonnet Batholith, Manitoba.
cess the large amount of data in the statistical package (Lee

. s Comput. Geosci., 22, 497-507, 1996.
and Min, 2001; Yilmaz, 2009). In the paper, the data WereCarranza, E. J. M. and Hale, M.: Logistic Regression for Geolog-

converted to ASCII, and then performed in logistic regres- 4y Constrained Mapping of Gold Potential, Baguio District,

sion model compiled by the Matlab program. Finally, the Io-  philippines, Explor. Mining Geol., 10, 165-175, 2001.

gistic probabilities were converted to grid format. Chen, Y., Pei, R., and Zhang, H.: Mineral deposit of nonferrous
This case study demonstrates that the singularity value can metal and rare metal associated with Mesozoic granite in the

provide new information for characterizing local structural  Nanling region, Bull. Chinese Academy Geol. Sci., 20, 79-85,

properties of geo-anomalies, and is significant for prediction 1990 (in Chinese).

of undiscovered mineral deposits. Although the Nanling beltCheng, Q.. Multifractal interpolation, 245-250, in: Proc. Annu.

has undergone significant exploration effort and expenditure, €Onf- Int. Assoc. for Mathematical Geol., edited by: Lippard,

large areas of the belt are still under-explored because of the S J-» Naess, A, and Sinding-Larsen, R., Trondheim, Norway,

. . . 6-11 August 1999, 1, Norw. Univ. Sci. Technol., Trondheim,
dense vegetation and rugged mountainous terrain. The po- 1999a

tential of prOSpeCt'V'ty map was d_emonStrated US'”Q follow- Cheng, Q.: Multifractality and spatial statistics, Comput. Geosci.,
up assessments, which resulted in several newly discovered 55 ‘949961, 1999b.

targets (Fig. 6), such as the zone H, zone L, zone M, zon&heng, Q.: GeoData Analysis System (GeoDAS) for mineral
N, and zone P. Many of the large and giant tungsten poly- exploration: user's guide and exercise manual. Material for
metallic deposits were located within areas of high favora- the TrainingWorkshop on GeoDAS held at York University,
bility, and several other new potential tungsten polymetallic  Toronto,Canada, 1, 204 pp., available laitp://www.gisworld.
targets were identified. Prior to conducting follow-up work,  org/geodas2000.

it is important to evaluate the tungsten polymetallic prospec-Cheng, Q.: Multifractal modeling and GIS spatial analysis of com-
tivity maps based on how well each map has predicted theC plex fault systems, Japan Soc. Geolnformatics, 190-193, 2002.

. heng, Q.: Fractal and multifractal modeling of hydrothermal min-
known tungsten polymetallic prospects. eral deposit spectrum application to gold deposits in Abitibi

area, Ontario, Canada, J. China University Geosci., 14, 199-206,
_ 2003.
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