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ABSTRACT

Based on the multi-fractal theory, an algorithm to determine the minimum residual sum of squares for piecewise
fitting is implemented through establishing the area - element model, according to Peruvian Don Javier porphyry
copper deposit and the surrounding area surface geochemical data, and the residual sum of squares can be used as
the basis to determine the number of scale-free space. The geochemical positive and negative abnormal range within
the scope of the study area is delineated. By analyzing the spatial distribution of positive and negative anomalies
and combined with the results of statistical analysis of the each element value, the Enrichment and Depletion
Regularity of The main metallogenic elements is been Investigated. On that basis, prospecting criterions are
established and it is showing that the southeast area of the ore-body is prospecting targets. The effectiveness of the
method has been verified by drilling, which provides a new approach for the in-depth analysis of the geochemical
data and to prospect surrounding the deposit.
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INTRODUCTION

With the increasing difficulty in finding mineraésources, along with the development and penatrafionodern
scientific theories and technologies, the fradt@loty, as a kind of nonlinear theory and a completsieory, has
shown promise for application in the fields of ntleigeny and metallogenic dynamics[1,2] Many comptetural
phenomena exhibit self-similarity at different s=als[3]. The fractal method describes complex d¢bjéEaturing
self-similarity through simple formulas with few aaneters, and it has been applied to various figideiding
geochemistry, tectonics, extraction of remote sensmformation, and processing of geophysical pecsipg data
[4,5].

The mineralization prospect analysis of mining aredere ores have been discovered, and surrouadéss, is
very important in guiding subsequent geological ky@nd new theories and methods are needed imtigsés of

chemical prospecting data and information gatheiimgmining areas and surrounding areas [6]. Durihg

exploration process in many areas, drillholes dtenadrilled in the area surrounding the expectedlmdies, and a
judgment that no ore deposit is present will be enaahd drilling stopped, if no ores are obtainezhifrthese
drillholes. However, many vein-shaped, lenticular,deep ore bodies are easily missed due to iegedti grid

density or drillhole depth. Therefore, effectivalecomposing the complex geochemical fields, andaetihg

anomalous geochemical fields with prospecting §icgnice, is a key step to deciding on the effectdgs of

geochemical prospecting for ore deposits in a gaea[7].

A metallogenic process involves the enrichment ditdtion of geochemical elements at different stagdoth
dilution and enrichment are vital geochemical pheeoa during the metallogenic process[8] , and they
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reflected by negative and positive anomalies, &sgy, in anomaly diagrams. Studies have showat the
multifractal method can rationally describe sucmetallogenic process and enrichment laws, and thiéfractal
theory is believed to represent a more universfitdution pattern of geochemical elements. Theamrarea (C-A)
multifractal model proposed by Cheng Minggqiu etigla powerful tool for fractal filtering in multip spaces, and
decomposition of the complicated geochemical bamkgd and superimposed anomalies[9] . Using thecsairf
protogenetic sample data from the Don Javier pasphgpper mining area in southern Peru as an exgntipis
study employs the multifractal theory to determthe threshold values of positive and negative atiesdo
delineate the enrichment and dilution ranges otgemical elements. In addition, the structural abtaristics of
the distributions of elements in the study areasaayzed to direct the prospecting in the areeosnding the ore
deposit. Finally, a verification test performed dijlling holes in the study area confirms that greposed method
can achieve an ideal metallogenic prognosis.

1 Geology of the Study Area

Don Javier porphyry copper mine is located in tlieqipa in southern Peru. It lies in the Incapudaidt zone of
the Andean orogenic belt, with favorable metallageconditions(Fig.1). The famous Cerro Verde isyotlr
kilometers northwest of the study area. In the ywtacdka, the outcrops mainly include lower Jurassicanics,
lower-middle Jurassic limestones, upper Jurassiower Cretaceous sandstones, Pliocene volcaniofcEne
alluvial deposits, and slope-wash deposits. Affeédig the subduction of the Nazca plate and the fracure, a
dome structure is formed due to the developmerat NiW-trending fault and the invasion of the Yarabamock
mass, which is the main ore-controlling structurke study area is extensively developed with inesfiate-acid
magmatic rocks, which are mainly diorite and graootk. There are at least two phases of granitgpipay
intrusion. The main ore body is NW trending withudband east lateral prostration. The host rocksparphyry,
diorite, and various types of breccia. The mineadras experienced multi-phase hydrothermal a&sjitand as a
result propylitization, silicification, and berédzgétion are extensively developed, with universalsence of massive
pyritization. The ores here are mainly mineralizeslulfides, with a common combination of
chalcopyrite-pyrite-molybdenite [10].

Fig.1 Location and regional geological map of research area (after geological map of Peru on the scale of 1/1000000)

1-neighboring cobre deposite;2-research area;3muitjg4- Neogene and Quaternary sediments;5-Uppeiary

high cordillera continental sediments etc.; 6-pm#t- volcanics and Mis-Tertiary continental sedinsent
7-Cretaceous-Paleogene pre Cordillera voleanodpiutoterrane;8-Jurassic-Cretaceous marine sedments;
9-pre-Cambrian basement and Mesozoic coastal range.

2 Multifractal analysisand the M odel

2.1 Fractal Theory

Multifractal analysis (i.e. multi-scale fractal dysis) can characterize the self-similarity of diffnt geological
characteristics and modes. With reference to tieriadel established by Cheng Qiuming et al. [9, thultifractal
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model adopted in this study can be simply matherallyi described as follows:
A(c)=Kc® x>0 Expression 1

wherec stands for the element content (densjtyandK >0 is the proportional constam(c) stands for the regional
area (or perimeter, area, frequency, etc.) of thment content greater than a threshold value;Casthnds for the
fractal dimension, which is adopted in the fradtaory to describe the nonuniformity of the enrigmihand
dilution of chemical elements as multiple scalecggaso as to quantitatively describe the complalégree of the
change of elements under the corresponding diffeyeslogical actions.

A linear model described as follows with one vagalvas obtained by taking the logarithms of bottesiof the
above formula.

In[A(c)] =-Alnc+In(K) Expression 2

2.2 Establishment of the M odel

The common models of the multifractal theory fotragting the geochemical anomalies are contentygter,
content-area, content-distance, content-frequesicy,[11]. The C-A method was adopted in the presamdy to
establish the model.

(1) The isolated points and blank sampling areasewemoved to determine the range of the study.area
Subsequently, the inverse distance weighting (IDW$ adopted for interpolation to obtain the grithdzontaining
element values.

(2) In the C-A method, the ared)(with a content value greater than a specific givalue is calculated using the
range confined by the generated contour lineshim dtudy, the grid data obtained from interpolatwas utilized
directly for the area statistics. The two methogstheoretically the same, and both of them carebkzed easily.

(3) The logarithmic values of element contents {Im@re divided into groups with the step lengthetalas 0.2. The
obtained element content-area data were plottetbahle-logarithmic axes to obtain the scatter diagr

(4) The two demarcation points, chosen from thebtislogarithmic coordinates by the least squarethatt were
divided into three segments for fitting. The divigipoints were determined based on the conditiantte residual
sum of squareH) was minimized, so as to improve the objectivitg aeracity of the fitting.

E=E+E,+E, =itln/xq>+Dllnq -Inky)r

+ 3 [(nAG)+DJng -Inf P+ Expression 3
3 [(NAG)+DiNG -t

i=n+l

where E stands for the residual sum of squamesstands for the number of the scattered point ef fitst
demarcation pointy stands for the number of the scattered point @fsécond demarcation point ametn; andD4,
D, and D; correspond to the fractal dimensions of three esfrale spaces. After obtaining the C-A
double-logarithmic scatter diagram, the approximratege of the demarcation points was selectedcatlf, and
the residual sums of squares for different valifas andn within their ranges were further calculated to atethe
minimum value E;,) so as to determine the optimal demarcation poontsitting.

(5) After fitting, the obtained element valuesandc,, which correspond to the point of intersectiorwsstn the
first and second lines and that between the seanddhird lines from left to right, respectivelyese the upper limit
of the negative anomaly and the lower limit of {hasitive anomaly. The corresponding slof®s D,, and D3
respectively correspond to the fractal dimensiorthé divided three scale-free spaces.

3 Model Establishment and Analysis

3.1 Satistical Characteristics of the Sample Data

Based on the surficial sample data, four primaryattie elements- Cu, Ag, Mo, and As- were chosen for analysis.
The statistical results show that the primary nlietalements in the mining area show obvious pddieble 1).
Regarding skewness, the elements are all of pegitwviation with Mo having the greatest deviation.
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Table 1 Descriptive statistics of elements content

Element NumValid Intervall (x19) Mean/ (x10) StdDev Skewness Kurtosis C.V

Cu 1527.00 [0.038,14400] 425.91 911.486.68 71.51 2.14
Mo 1519.00 [0.4,2570] 17.56 74.79 27.00 894.304.26
Ag 1527.00 [0.01,67.8] 1.57 451 8.20 89.59 882.
As 1472.00 [1,1150] 45.22 66.64 6.15 68.79 714

The main metallogenic element Cu has the greateince within the mining area, but its skewnesstdsis, and
coefficient of variation (CV) are relatively smallhe average value varies considerably among tfferelit
elements. CV was used to effectively eliminate ititerference of average value differences in theparison of
the variation between different elements. The c@mnensive data comparison revealed that the elenageatsll
nonuniformly distributed and their CVs are all gerahan 0.2. Among them, Mo is the most nonunifdistiowed
by Ag and Cu as the second and third.

3.2 Establishment of a C-A Model

The multi-element test results for the four primangtallic elements, namely Cu, Ag, Mo, and As, frarB15
protogenetic rock samples in the study area, weee to establish the models. Different residualssafrsquaresk)
were acquired from the fitting of different valuethe demarcation point® andn. The values ofm andn that
resulted in the lowest value Bfwere used. The fitting diagram of the elements, thie 3D diagram of valug, are
shown in Fig. 2.

3.3 Evaluation of the Model and Geological Analysis

1) The accuracy of the linear piecewise fittinghe modeling process has always been a key fdwbirifluences
the precision of the model. In this study, the amaa calculated based on the grid data obtained finterpolation,
and the range of demarcation points was selectatuatis. The final demarcation points were determity a
program calculating the minimum residual sum ofasqaE,,. Finally, the fitting was conducted. It can bersee
from Fig. 2 that the fitting is highly satisfactory

Table 2 Modd parameters

Element Manual intervention conditionsEni, D; D, D ¢, (ppm c; (ppm)

Cu 2<m<25,27<n<48 0.930.05 1.09 3.40 4.42 7.55
Mo 2<m<22,25<n<40 195 0.12 156 4.26 6.57 133.55
Ag 2<m<14,16<n<43 3.47 0.04 119 356 0.69 9.05
As 2<m<30,32<n<47 0.37 0.03 0.93 359 15.33 75.94

0,=005
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Fig.2 InA(C>c)-Inclog-log plot and residual sum of squaresthree- dimensional map of of different elements

As shown in Fig. 2 and Table 2, the fitting effeecomes worse as the residual sum of squijescreases. When
the value ofE is too large, the number of segments for fittisgnb longer suitable and it should be increased.
Therefore, the value & can be regarded as a basis for determining thdeuof scale-free spacesHfis too large,
the fitting is unsuitable and the number of segmehbuld be increased, i.e. the number of scatedpaces should
be increased, which also means that the metalloggulogical process is more complex.

(2) According to the results of the residual suns@diares and the fitting effect, the four primargtatlic elements
in the study area can be divided into three saale-$paces. The first scale-free space corresgontie dilution
area of the elements and it presents negative diemméihe second scale-free space corresponds twottmal range.
However, we cannot rule out the possibility thats thpace might have experienced several periodsenhent
enrichment and dilution, resulting in the elememiitent values returning to the normal range. Tlrel thcale-free
space corresponds to the enrichment area of theeals and it presents positive anomalies. ThedtaamnensiorD
guantitatively describes the degree of uniformityjatial distribution of the geochemical elemeitsgeneral, the
smallerD is, the more clustered the elements are and the monuniform the distribution is[12]. The fractal
dimensionD of Mo was greater than that of the other elemémtthe study, indicating that Mo was the most
nonuniformly distributed element, with Cu and Agkad second and third. This result is consisterh that

derived from the analysis of CV.

14



Pan Yong and Ye Zhen-chao J. Chem. Pharm. Res,, 2016, 8(7):10-18

(3) The morphological characteristics of the nfidtital curves represent the complexity of the geichl process
to some extent. Cu, Mo, and Ag had similar multfeh curves, indicating similar causes of formatianong them.
As had a narrow second scale space, suggestingshetd strong enrichment and dilution.

4 Analysis of Anomalies and M etallogenic Prognosis

As mentioned above, the upper limits of positiv@raalies and the lower limits of negative anomafiesthe
elements in the study area were determined acaptdithe fitting results and the anomaly diagravahin Fig. 3.
Through analyzing and comparing the positive andatiee anomalous distributions of the four elementsa
known mineralization range, the surrounding pogdntietallogenic ranges were identified to providédgnce for
further prospecting.

(1) In the Cu anomaly diagram, the range encirtigdositive anomalies was an approximate rectaagte the
distribution range of drillholes with ores discoedrwas roughly located within the area encircledplogitive
anomalies. The distribution of negative anomaliethe area showed a small patchy pattern. The western part
of the mineralization range had wide negative ar@®and the poor mineralization in this area wasfitmed
through deep drillholes. The northern anomaliesewsemfirmed as mineralization anomalies, and tte pasitive
anomalies in the southern part indicate promisirigenalization prospects, which should be the fitsbice target
regions for future prospecting work in the area.

(2) According to the linear correlation analysisMd and Cu, these two elements were not strongisetaded, but
their positive distributions in the ore body wedentical. In addition, along the NW-SE directioheit positive
anomalies were distributed in a beaded patternftegidnegative anomalies were distributed alonit lsaes of the
line of positive anomalies in a scattered patchyepa and formed an area with similar width to kinewn ore body.
The distribution range of positive anomalies desedafrom northwest to southeast, which coincidetth wie NW
trend and south and east lateral prostration ofotieebody. Positive anomalies extended towardsstheheast,
indicating that the known southeastern mineralimatange had a more promising mineralization protspe

(3) Ag is a co-existing mineralization element lire tstudy area and it is closely associated withmiheralization
[10]. The positive anomalies of Ag were locatedhat southeast part of the known ore body with nsitpe ranges
encircled by the mineralization zone, indicatingttthe southeastern direction of the ore body migive a more
promising mineralization prospect.

(4) As is the main harmful element of copper mjreasl it showed a large encircled distribution o positive
anomalies using the multifractal method. Howeveithiw the mineralization range, NE-SW-trending piesi
anomalies were symmetrically distributed with NE-8hding negative anomalies, and the positive rreghtive
anomalies along the southeastern direction showestadtered patchy distribution pattern, indicatistgong
enrichment and dilution. This result also suggagtsomising prospect of deep mineralization.

(5) The zoning of the primary halo elements of pasit refers to the phenomenon that the anomafietfferent
chemical elements present a regular spatial digidb under a certain geological process. Studieshe laws of
element zoning are helpful for evaluating the knomne body, and can provide theoretical guidance tfier
exploration of deep and blind ore bodies[13-15]e Bimrichment of Mo and Ag in the study area shothedzoning
pattern with a southeastern trend, which is coastawith the extension direction of the ore bodye Enrichment of
Cu, Mo, and Ag was low in the southern area. Fa& plositive and negative anomalies extracted udieg t
multifractal method, negative anomalies and thenabrange were often presented irregularly in dtemd patchy
pattern in the range, with dense distribution osifpee anomalies. This indicates that the causenioferalization
also led to the obvious enrichment and dilutiofog&l elements, accompanied with good mineraliratwhich can
be an indicator for further ore prospecting.
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Fig.3 Positive and negative anomalies map of different elements
1-negative anomaly;2-normal area;3-positive anomaly;4-boundary of the study area
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Fig.4 Metallogenic prediction map of research area

1- target range;2- mineralization drilling;3- efmicent zone boundary;4- known mineralization rangbdundary
of the study area

To sum up, the SW part of the known mineralizatiange, namely along the trend of the known ore bzdyore
promising for ore prospecting. Hence, the southgar of the study area was encircled as the préisgetarget
region (Fig. 4). During the verification test, careted by drilling, industrial ore bodies were foundhe southern
region, while no ores were found in the drillhode#sanged in the northern region outside the tarpgion.

CONCLUSION

(1) Because the geochemical fields formed by theclkement and dilution of elements had different tepa
characteristics, the multifractal method can beduseeffectively distinguish the dilution area, n@al area and
enrichment area. The method that uses the areastemodel, and determines the demarcation points by
minimizing the residual sum of squares, is highlggse, with satisfactory fitting and a significatgénoising effect.

In addition, by using this method the positive aregjative anomalous (enrichment and dilution) rarfedements
can be encircled at the same time. By analyzingtizgacteristics and different combinations ofdistributions of
positive and negative anomalies, the mineralizatimthanism can be more thoroughly interpretedeatity target
regions for further prospecting.

(2) The multifractal curves of the elements in gtady area had similar characteristics, suggedtiag these
elements formed under similar conditions. The tesdérived from analyses of CV and the fractal disien D
were consistent, indicating that Mo is the mosturformly distributed, followed by Ag and Cu as thecond and
third, and As having relatively strong enrichmend ailution.

(3) According to the distribution of positive anégative anomalies in the study area, the primargxisting
elements Mo and Ag show a remarkable zoning pattetine NW-SE direction.

(4) The areas where positive and negative anomaliesdistributed in a scattered patchy pattern rsix@ng
mineralization activities, which can be consideesdindicator for further ore prospecting in thedstarea. The
first-choice target regions for prospecting iddatfby the proposed method were further confirmgddilling
holes in these areas, proving that this methodseare as a satisfactory tool for metallogenic posim
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