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Abstract. Understanding and describing spatial arrange-tal and multifractal analysis may provide new insights into
ments of mineral particles and determining the mineral dis-the quantitative assessment of mineral microstructures which
tribution structure are important to model the rock-forming may be closely associated with the petrogenesis as shown by
process. Geometric properties of individual mineral parti- the bulk-rock geochemical analysis.

cles can be estimated from thin sections, and different mod-
els have been proposed to quantify the spatial complexity

of mineral arrangement. The Gejiu tin-polymetallic ore- 1 |ntroduction

forming district, located in Yunnan province, southwestern

China, is chosen as the study area. The aim of this pain nature, many objects can be viewed as random two-
per is to apply fractal and multifractal analysis to quan- component systems. For example, sedimentary rocks are
tify distribution patterns of pyrrhotite particles from twenty- composed of pore and solid components. Soil systems also
eight binary images obtained from seven basalt segmentsan be separated into pores and solid particles. Correspond-
and then to discern the possible petrological formation en4ngly, image analytical techniques (Gerard, 1992; Flavior et
vironments of the basalts based on concentrations of tracel., 1998) have been extensively used to recognize and sep-
elements. The areas and perimeters of pyrrhotite particlearate these two components. Since the concept of fractal
were measured for each image. Perimeter-area fractal anaémerged (Mandelbrot, 1977), various fractal and multifrac-
ysis shows that the perimeter and area of pyrrhotite particlesal models have been proposed to characterize the spatial va-
follow a power-law relationship, which implies the scale- riety of different patterns for pore and solid components in
invariance of the shapes of the pyrrhotites. Furthermorepoth sedimentary rocks (Muller and McCauley, 1992; Mc-
the spatial variation of the pyrrhotite particles in space wasCauley, 1992; Muller et al., 1995; Muller, 1996; Xie et al.,
characterized by multifractal analysis using the method 0f2010a; Kron, 1986) and soils (Bird et al., 2006; Pachepsky
moments. The results show that the average values of thet al., 2000; Perrier et al., 1999).

area-perimeter exponeridf, p), the width of the multifractal Rocks are composed of different mineral particles with
spectra A (D(0) — D(2)) and A(D(gmin) — D(gmax)) and  different shapes, sizes, and volumes (Wadell, 1932). Size,
the multifractality index ¢”(1)) for the pyrrhotite particles shape, and spatial arrangement of minerals have been used
reach their minimum in the second basalt segment, whicho classify rock texture. In addition to mineral compositions,
implies that the spatial arrangement of pyrrhotite particlesparticle sizes and shapes, textural identification and interpre-
in Segment 2 is less heterogeneous. Geochemical trace eleation for rocks and associated minerals are tools necessary
ment analysis results distinguish the second basalt segmefér understanding the processes involved in the genesis of
sample from other basalt samples. In this aspect, the fracrocks, which in turn is very important for understanding the
formation of minerals and their structures. The selection and

@ Correspondence tcS. Xie interpretation of morphological parameters are also helpful
(tinaxie2006@gmail.com) for quantitative assessments.
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Generally, metallic ore-bearing rocks are composed of ordin-polymetallic ore deposit has the characteristics of typical
minerals and gangue minerals. Ore minerals usually refer tavolcano-sedimentary ore deposits (Li et al., 2006).
the utilizable metallic or non-metallic minerals within ores,  The volcanic activities mainly occurred during three stages
such as chromites in chromium ores, chalcopyrrhotites andn the Middle Triassic period, including Anisian stage, La-
bornites in copper ores, and asbestos in asbestine ores d@iian stage and Norian stage. By and large, the basalts of
well. Gangue minerals, called as useless minerals, often reAnisian stage distribute extensively in the eastern Gejiu area,
fer to materials so intimately associated with ore that it haswhereas the basalts of Ladinian stage and Norian stage are in
to be mined with, and later removed by various crushing,western Gejiu area. The Anisian basalts in Gejiu formation
grinding and separation processes. In such a sense, ores cafithe first section {>g') mainly occurred in layers among
also be separated into two components in a two-dimensionahe carbonates of the same strata. The basalt rock mass con-
space, one is the solid gangue mineral component and thfarmably contacts each other. Some folds are present along
other is the metallic mineral component. Thus, binary im- the contact lines. It is reported that the Anisian basalt played
age techniques can also be used to recognize these two pada important role in the formation of Gejiu tin-polymetallic
and the mineral structures can be characterized by differenbre deposits (Li et al., 2007). The Anisian basalts were
statistical methods as well. By Number-Area (N-A) model, successively present in Qibeishan, Laochang and Gejiu tin-
Perimeter-Area (P-A) model, box-counting fractal model andcopper polymetallic deposit, and the genesis of these basalts
multifractal models, the microstructures of rocks and oresfrom different segments has been debated. In Gejiu tin-
during deformation and replacement have been studied andopper deposit, the Anisian basalts, which are weakly ore-
the complexity and irregularity of minerals shown by the bearing, were present in seven segments underground. Ta-
fractal and multifractal dimensions provide information on ble 1 shows the outcrop depths of these basalts in different
mineral genesis (Wang, 2008). With the discrete multifrac-segments. In this work, eight samples were continuously col-
tal technique, Wang (2008) explored the transfer relation-lected. As shown in Table 1, two samples were from the sec-
ship between the sphalerite and carbonate particles acrogsd segment and one sample per segment from the other six
the sphalerite band structure during growth by Markov Chainsegments.
model. Box-counting dimensions, generalized fractal dimen-  For all the basalt samples, polished sections were made (as
sions and multifractal spectra have been calculated to chatisted in Table 1), microscopic examination was conducted,
acterize the spatial structure of the pyrites in two ore-bearingand metallic minerals were observed. All the samples are
skarn samples and then to discuss the link between the multbiotite tremolitic basalts. It is found that, besides a small
fractal parameters and the ore-forming potentials of the rock&imount of pyrites and chalcopyrites, the major metallic min-
under consideration (Xie et al., 2009). The generalized P-erals are pyrrhotites which amount to 10-20 wt%.
A model in combination with cumulative N-A fractal model All the eight basalt samples were sent to the state key
and shape indexes are also used to distinguish between cagh of Geological Processes and Mineral Resources at China
siterites of different phases in tin-deposits (Zuo et al., 2009).University of Geosciences to measure the concentrations of

In this paper, we consider twenty-eight binary images of37 trace elements using laser ablation-inductively coupled
thin sections from seven ore-bearing basalt segments, anglasma-mass spectrometry (LA-ICP-MS). Detailed operat-
analyze the spatial distribution patterns of pyrrhotite miner-ing conditions for the laser ablation system and the ICP-
als in the basalts by parameter-area (P-A) model and multi\S instrument and data reduction can be refereed to Liu et
fractal analysis using the method of moments. On the othewl. (2008). However, due to the high concentrations of Pb
hand, we demonstrate how multifractal distribution patternsand some associated elements, which may affect the stability
of metallic minerals could be correlated with the petrogenicof the instrument, only those data from five basalt samples
processes of the basalts together with the geochemical bulkyvere reported (Table 1). The five samples include Sample
rock trace element analysis. 201-3 and Sample 201-4 from the second basalt segment,

and Sample 201-9, 201-10 and 201-11 from the fifth, sixth
and seventh basalt segment, respectively.

2 Geological background

The study area is the Gejiu tin district located in the 3 Image processing

southeast of Yunnan province. The Gejiu super-large Tin-

polymetallic deposit in the eastern Gejiu area is an impor-Four representative views for each polished thin section in
tant tin-dominated ore concentration center and has mordable 1 were chosen to acquire digital images, and pho-
than 20 kinds of other nonferrous and rare metal resourcegpmicrographs were taken to show the pyrrhotite aggregates
such as Cu, Pb, Zn, W, Ag, Bi, In, and so on. Because of(Fig. 1a) under the Environmental Scanning Electron Mi-
the complex geological settings and abundant mineral recroscope (ESEM) in the state key lab of Geological Pro-
sources, Gejiu area has attracted international extensive ircesses and Mineral Resources in China. Digital image pro-
terests in recent decades (Yu et al., 1988; Chen, 2007). Gejinessing was completed with the aid of GIS (Geographical
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Fig. 1. (a) The digital image of the sample from the second basalt segment under the Environmental Scanning Electron Microscope (ESEM).
(b) Rock binary image, the pyrrhotite particle with black pixels and the gangue mineral in white. This figure only extracts the major pyrrhotite
particles from the ESEM image in (a) in order to eliminate the distortion by the magnification scale. And used for calculation in the paper
are the pyrrhotite particles shown as the black pixels.

Table 1. Basic information about the samples used for analysis.

Basalt Segment 1 2 3 4 5 6 7

Depth underground (m)  432.77-446.89 448.89-466.82 467.82-473.97 489.45-491.70 493.17-496.67 498.42-500.67 503.74-512.19
Sample Label 201-1 201-3 201-4 201-5 201-6 201-9 201-10 201-11

Polished section v v v v v V4 v v

Trace element analysis v Vv v Vv Vv

Information System) techniques. The pyrrhotite image ofanalyze the geometry of cloud areas and characterize the de-
the samples from Segment 2 is used here as an example tgree of complexity of the cloud shapes (Lovejoy, 1982). A
introduce the steps of image processing. The pyrrhotite phogeneral form of P-A was proposed and originally applied for
tomicrograph was taken using plane reflected light, digitizedcharacterizing copper porphyry alteration zones with both ir-
as a 256-grey scale black-white image (Fig. 1a), and themegular areas and perimeters (Cheng et al., 1994). This mod-
converted into a binary image according to the grey scalesfied model has been also applied to characterize the distribu-
(Fig. 1b). Repeated empirical experiments have indicatedions of trace elements in minerals (Zhang et al., 2001) and
that the outlines with 120-grey scale are adequate to separathapes for minerals (Wang et al., 2005; Wang, 2008; Zuo et
pyrrhotite aggregates from gangue minerals. Other metalal., 2009).

lic particles, such as sphalerites and chalcopyrites which The original form of P-A proposed by Mandelbrot (Man-
are too few and sparse, are not included in the calculadelbrot, 1977, 1983) was

tion. The perimeters and the coverage spaces of these ex- )

tracted pyrrhotite particles can be readily detected. SomeP oc A2°?, Q)
quite small separate particles unrelated to pyrrhotite aggre-

gates have been deleted and removed. It can reasonably aghere D, is the fractal dimension of perimetét. It was
proximate the extracted outline of the pyrrhotite aggregatesfound that this model is only valid for regular areas but not
as shown in Fig. 1b. Likewise, other images were processedor fractal areas. For fractal areas the more general form was
with the same steps and then further calculation and analysigroposed by Cheng et al. (1994):

can be performed. .
P o A2Pap, (2)

where P is the perimeter and is the area of one pyrrhotite

particle in the thin section,&” means “proportional to”,

4.1 P-A fractal analysis andDsp = Dp/Dy, is the ratio of the fractal dimension of
perimeterDp over the fractal dimension of arday. It can

The Perimeter-area (P-A) model, or island-arcs model, wade seen that only if the area is a normal area with dimension

firstly put forward by Mandelbrot (Mandelbrot, 1977, 1983). 2, thenD4p = Dp, accordingly the general form becomes

It relates the perimeters and areas within a set of irregulathe original one. More discussions about the new model are

self-similar geometrical shapes. The P-A model was used toefereed to Cheng (1995).

4 Fractal and multifractal analysis
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(S

over the part of the metallic mineral spaces (the black pixels
as shown in Fig. 1b) in the studied images. Supposed that a
grid box containsn; pixels, wheren; takes a value from 1

to § x 8. Then the measure, denoted hereinggys), of the

ith box covering the metallic pyrrhotite particles, is defined
asm; /M, where M is the total number of pyrrhotite particle
pixels in the image. Thus, a partition functiog, (8), with

the momeny of «;(8) can be constructed as the following
equation (Halsey, 1986; Bird et al., 2006):

n(s) n(s) RS

Xg®) =Y ()7 =) (07 =Y N, 3)
i=1 i=1 i=1

10" v vl vl el il wheren($) is the number of small boxes covering the metal-
10 10’ 10° 10' 10° 10° 10° lic particle pixels, anaV; is the number of boxes containing
log(A) j pixels. The sum in Eq.3) can be calculated over all the
boxes.
Fig. 2. P-A analysis results of the pyrrhotite particles from Seg- In this way, there exists the power-law relationship be-
ment 6. tween the partition functiot, (§) and the box sizé ,
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On log-log plots, the data af and A can be plotted and
the linear relationship between them can be shown. Then thherez (¢) is the mass exponent of ordgwhich can be ob-
area-perimeter exponeiity p can be calculated by fitting a tained by plotting the data gf, (§) ands on log-log diagrams
straight line using the least-squares method. The slope of thas the limit whens — w. Directly from the mass exponent
P-A line can be estimated with the value of I/gp accord-  7(¢) and the ordeg, the generalized multifractal dimensions

ing to Eq. (2). UsuallyD 4 p ranges from 1 to 2. can be expressed as:
The image in Fig. 1b is applied to measure the perimeters 7(q)
and areas of the pyrrhotite particles under MapGlIS, a GISD(q) = 1-g (g #1), (5)

software platform developed by China University of Geo-
sciences. According to Eq2), the values of the perime- wheng=1 the information dimensionp (1), is obtained as
ters and the areas are plotted in the log-log diagram (showifollowing:

in Fig. 2) and these dots can be fitted with a straight line. NG

Consequently, th® 4 p value can be calculated based on the 3 wi(8)logu; (8)

slope of the fitted straight line. All thB 4 p values have been D(1) = lim i=1

obtained for the 28 digital images and all the averégg r—0
values from different segments are listed in Table 2.

Table 2 shows that all th® 4 p values are ranging from 1
to 2, which implies the irregularity of the metallic pyrrhotite
particles at the microscale levels. The averAge value for
Segment 2 is 1.25 and reaches a minimum, while the othe
averageD 4 p values greater than 1.3. This may imply that
the shapes of the pyrrhotite particles in Segment 2 are lesg (a(g)) =a(q)g —1(q), @)
irregular.

logr ©
According to Eq. ), the correlation dimensiom)(2), is ob-
tained wheny = 2.

The generalized multifractal spectrum functigif), can
then be calculated through Legendre transform (Evertsz and
R/Iandelbrot, 1992):

where the so-called singularity exponeaty), can be ef-
4.2 Multifractal analysis fectively deduced bw(g) = dt(g)/dq. For multifractal dis-

tribution patterns, the spectruf{«e) has a concave down-
In this study, we also compute multifractal dimensions. Inward curvature withx-values falling into a range. In case
terms of multifractal analysis, similarly to pore structure of single fractal distribution measures(g) will remain the
analysis for soil pore systems (Bird et al., 2006) and car-same for all the boxes of the same sizes covering the metallic
bonate pore systems (Xie et al., 2010a), we define here particle, and the multifractal spectruyi{e) will be a single
measure associated with the metallic particles of the digitapoint. Anyway, whery =0, the f(«) value will reach the
images. There are some other examples involving definitiormaximum and the corresponding value is the box-counting
of binary pattern as multifractal measures such as fracturedimensionD(0).
(Agterberg et al., 1996), alteration zones, rocks, and so on. In many works, the main multifractality properties have
Simply, a grid box with sizé can be made to superimpose also been described by several parameters derivedfr@gm
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Table 2. AverageD 4 p values of the pyrrhotite particles from the seven basalt samples.

1 2 3 4 5 6 7
Dyp 13576 1.2591 15639 1.3632 1.3414 1.4878 1.3035
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Fig. 3. Multifractal analysis results.(a) Estimation of the spectra of generalized fractal dimensions wher ¢ < 3 for the mineral
distribution patterns in the thin sections from the basalt samples of the second, the fifth, the sixth and the seventh segment, respectively.
The D(g) in the calculated spectra have been obtained with regression fits where the determination coﬁ?ﬁemgher than 0.955(b)

Multifractal spectra for the spatial distribution patterns of pyrrhotite particles.

and z(g) (Tarquis et al., 2006; Vidal et al., 2008; Cheng, that all theD(q) — ¢ plots are relatively smooth, with some
1999; Xie et al., 2010b). fluctuating while others are constrained to a limited range.

In homogeneous structureBg are close to one another, Figure 3b is the multifractal spectrum curves for the
whereas for a monofractal structure they are equal. A dif-pyrrhotite particles at microscales in basalt samples. It shows
ference,w = D(—10) — D(10), was defined as the width that the multifractal spectrum curves are continuous and fluc-
of the multifractal spectra and suggested to be an importuate in a relatively broad range, which presents the inhomo-
tant predictive parameter (Tarquis et al., 2006). A greatergeneous distribution patterns of the pyrrhotite particles.

w means a wider spectrum and a more heterogeneous distri- Eight fractal and multifractal parameters have been calcu-
bution of the spatial structures (Muller et al., 1995; Vidal et lated to characterize the spatial distribution patterns of the
al., 2006). In the same way, the widths of the multifractal pyrrhotites for all the 28 basalt digital images and the aver-
spectraw = D(—3) — D(3) andw = D(0) — D(2), are also  age values for each basalt segment have been listed in Ta-
defined here to characterize the multifractality of the distri- ble 3. These parameters shown in Table 3 can discern the
bution of the pyrrohite particles in this study. spatial invariance of the pyrrhotite particles. It is clearly ob-

The properties of the function of the mass expondn, served thaiD(0) > D(1) > D(2), which implies that the dis-
have also been found to be useful for describing multifractal-tribution patterns of the pyrrhotite particles have a tendency
ity (Cheng, 1999). Represented b¥(1) = t(2) — 2t (1) + to multifractality (Vidal et al., 2008). As Table 3 shows, for
7(0), the multifractality index (MI) is calculated and proved Segment 2, the values of the information dimensid(L)
to be associated with spatial analysis parameters (Chengind the correlation dimensidn(1) reach a maximum, while
1999). the range ofD(g), A(D(gmin) — D(gmax)), reaches a min-

For each image of the studied metallic mineral particles,imum. The multifractality index of Segment 2 is also the
we calculate the multifractal parameters of all the mineralminimum. In this aspect, with the weakest multifractality,
particles withg ranging from—3 to 3 in increments of 0.2 to  the pyrrhotite particles in Segment 2 distribute relatively ho-
construct the partition functiop, (§). With standard errors mogeneously, but the pyrrhotites in other segments are more
less than 0.075, Fig. 3a is the plot of the generalized fracirregularly distributed in microspace.
tal dimensionsD(g) vs the momeny for the images from
Segment 2, 5, 6 and 7, respectively. It can be seen clearly
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Table 3. Multifractal parameters for characterizing the spatial structures of the pyrrhotite particles’ areas.

Basalt segment 1 2 3 4 5 6 7

D(-3) 2.1198 2.0552 2.2328 2.1240 2.0556 2.2419 2.0996
D(3) 1.6896 1.8723 1.3596 1.5728 1.7988 1.6711 1.8093
D(0) 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
D(D) 1.8906 1.9527 1.7984 1.8578 1.9497 1.9068 1.9546
D(2) 1.7657 1.9036 1.5499 1.6889 1.8807 1.7916 1.8993

A(D(0)—D(2)) 0.2343 0.0964 0.4501 0.3111 0.1193 0.2084 0.1007
A(D(—3)—D(3)) 0.4301 0.1830 0.8732 0.5512 0.2568 0.5708 0.2903
Multifractality —0.1808 -0.0783 —-0.3666 —0.2460 -0.1143 -0.2009 -—-0.1186

Nb*2 10000.0

1000.0
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Fig. 5. Chondrite-normalized REE distribution patterns. (Normal-
izing values from Sun and Mc Donough, 1989.)

Figure 5 does show the Chondrite-normalized REE dis-
tribution patterns. It can be seen that all the samples

Fig. 4. Discrimination Nb-Zr-Y diagram (Meschede, 1986) for S’_how Sli.ghtly sloping chondrite-normalized REE patterns,
basalts from the four segments. (Al, All = fields of intraplate alkali fich in light rare earth elements (LREE, La-Sm) but de-
basalts; All, C = fields of intraplate tholeiites; B = field of P-type Pleted in heavy rare earth elements (HREE, Eu-Lu), with
MORB; D = field of N-type MORB; C, D = fields of volcanic arc  ((La)x/(Yb)y values ranging from 7.1 to 21.5. Samples 201-
basalts.) 4 and 201-11 have weakly negative Eu anomalies. The REE
distribution patterns of samples 201-3 and 201-4 are similar
to each other and their total REE contents are 1883.38 ppb
and 1973.74 ppb, respectively, and higher than those of other

The concentrations analyzed by LA-ICP-MS in Table 4 areSamples raging from 118.17 t0167.92 ppb.
used to test the petrological characteristics of these samples Figure 6 is the spider diagram of primitive mantle-
in an attempt to demonstrate the difference exists in the spahormalized trace element concentrations. In Fig. 6, both
tial microstructure. the samples 201-3 and 201-4 show identical patterns with
Firstly, high field strength elements (HFSEs) and rareincompatible elements enriched, but high field strength el-
earth elements (REEs), which are relatively immobile un-ements (HFSEs, U and Th) and heavy rare earth elements
der altered and metamorphosed conditions, are used here(iiREE, Eu-Lu) of these two samples are relatively depleted.
for distinguishing samples into tectonic settings. As shownHowever, the samples 201-9, 201-10 and 201-11 are different
in Fig. 4, the discrimination Nb-Zr-Y diagram (Meschede, from the above two samples.
1986) reflects well that all the five samples fall into the field In this aspect, the geochemical characteristics of the basalt
of intraplate alkali basalts, which shows that these samplesamples from Segment 2 are quite different from those from
originate from similar tectonic sources. It should be notedSegments 5, 6 and 7. For the samples from Segment 5, 6 and
that there seems to be only four dots in Fig. 4. Actually, the7, the basalts are relatively enriched with large ion lithophile
dots representing Sample 201-3 and Sample 201-4 are closdements (Rb, Sr, Pb) and HFSEs (U and Th), and show
to each other. strong negative Ba and positive Pb anomalies, indicating an

Zrl4 Y

5 Petrological trace element analysis
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Table 4. Concentrations (10%) of the trace elements from the

S201-3 S201-4 S201-9

325

S201-10 S201-11

10000.0 R
10000 L A\ basalt samples.
§ 1000 Element
g 100 | o Be 153 214
z S == Sc 220 242
10 \Y 2292 2596
——5201-3 —8—S5201-4 S$201-9 $201-10 —#—S5201-11 ‘ Cr 2702 1927
G Ba Th U Mo Ta La Ce Pb Pr Sr NaZr HI Sm B G Th Oy ¥ Hb B T b Lu co s
Fig. 6. Spider diagrams of Primitive mantle-normalized trace el- Cu 91.9 4.7
ement concentrations. (Normalizing values from Sun and Mc Zn 1362 1317
Donough, 1989.) (Rfl? ﬁ; S;Z
Sr 5915 6843
- . . 252 287
affinity with continental crust. But for the basalt samples of 5334 2712
Segment 2, neither are the Ba anomalies negative on the spi-y, 398 470
der diagrams, nor are the U values enriched in the samplesg, 79.1 104
201-3 and 201-4. Cs 1017 696
Ba 4335 4447
La 376 371
6 Conclusions Ce 732 771
Pr 89.0 95.7
We chose different basalt samples from different segments Nd 381 407
in Gejiu area to make thin sections, then acquired im- Sm 80.9 87.1
ages under the Environmental Scanning Electron Microscope Eu 25.5 234
(ESEM), and measured their basic physical parameters of Gd 71.4 78.2
the pyrrhotite particles. The perimeters and areas of the 1P 105 11.8
pyrrhotites were obtained by digital image processing. P-A 33’ ZGBi 61%2
fractal model and the method of moments were used to in- E? 2;5 4 27‘9
quire the microstructure of the pyrrhotite particles. Together ™™ 3.3;6 3.5;1
with the bulk-rock trace element analysis, several conclu- v, 19.4 21.3
sions can be reached: Lu 282 3.18
Hf 57.1 66.4
1. For all the basalt samples, the pyrrhotite particles at the Ta 26.6 29.9
microscale level exhibit fractal and multifractal behav- TI 28.3 30.5
iors. The P-A fractal analysis shows that the areas and Pb 105 338
the perimeters of the pyrrhotite particles follow a power- Th 32{; glo-g

law relationship and thé,p value of the pyrrhotite U

2.58
151
199
218
47.3
173
154
132
18.0
87.0
713
20.0
165
21.3
223
64.2
45.9
20.6
44.2
5.65
25.0
5.88
1.87
5.36
0.82
4.34
0.74
1.93
0.25
1.45
0.21
4.06
1.44
0.76
1021
2.25
0.94

6.62
15.7
192
259
32.1
102
75.6
130
19.9
89.0
1004
21.3
216
25.9
416
65.2
62.5
27.3
55.0
6.73
28.9
6.42
2.12
5.75
0.88
4.67
0.81
2.06
0.28
1.58
0.24
5.35
1.89
0.57
13.8
3.27
1.09

3.31
13.7
213
105
52.2
92.2
199
229
24.8
405
553
18.4
197
36.9
228
94.8
174
34.5
67.6
7.98
33.6
6.97
2.06
6.16
0.87
4.31
0.69
1.67
0.20
1.15
0.16
4.73
2.47
3.94
214
2.85
0.94

particles in the second basalt segment is smaller than
those in other basalt segments. The multifractal analy-
sis indicates well that the multifractal parameters of the
pyrrhotite particles of the second basalt sample are quite
different from other samples, and the multifractality of
the spatial distribution patterns of the pyrrhotites at mi-
croscales are weaker than those from other basalt seg-
ments. The bulk-rock trace element analysis also distin-

multifractal may provide new information on the gene-
sis conditions of ore crystals since different genetic con-
ditions could result in different spatial structures of min-
erals in space.
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