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Abstract

Estimation of mineral resources and reserves with low values of error is essential in mineral exploration. The aim of this study is
to estimate and model a vein type deposit using disjunctive kriging method. Disjunctive Kriging (DK) as an appropriate nonlinear
estimation method has been used for estimation of Cu values. For estimation of Cu values and modeling of the distribution of Cu in
Chelkureh, samples have been taken from 48 drill holes in Chelkureh, and the values of Cu have been analyzed. Resulting data from
analyzing Cu values were converted to standard normal values using Hermite polynomials. Variography has been done in the
Chelkureh deposit. After studying variograms in different directions, it was found out that the ore deposit has a mild anisotropy. The
best-fitted variogram model was considered for disjunctive kriging estimation. The model consists of a pure nugget effect with 0.46
amplitude plus a spherical scheme with sill 1.20 and range 140 m. Consequently, a three-dimensional model of estimated value and
error estimated value was provided by disjunctive kriging to divide the ore into an economic and uneconomic part. The models based
on the estimate of the DK method in the study area exhibited an increasing trend of concentration from the center to North. Finally,
validation between the disjunctive kriging carried out by using cross-validation. The result showed that the correlation of estimated

values and real values was strong (63.4%).
Keywords: Disjunctive kriging, Vein type, Chelkureh, Zahedan

1. Introduction

Disjunctive Kriging (DK) has been available for spatial
estimation for more than 40 years. However, the
seemingly complex theory makes it unappealing for
most practitioners (Ortiz et al. 2004). DK is a technique
that provides advantages in many applications. It can be
used to estimate the value of any function of the variable
of interest (Ortiz et al. 2004). DK provides a solution
space larger than the conventional kriging techniques
that only rely on linear combinations of the data. DK is
more practical than the conditional expectation, since it
only requires knowledge of the bivariate law, instead of
the full multivariate probability law of the data locations
and location being estimated (Ortiz et al. 2004). In
linear estimators, the weights are optimized to ensure
the minimal estimation variance, when one needs have a
local expected value, so the primitive assumption is that
a normal (frequency) distribution function is available.
But when is needed to calculate the probability of values
above a threshold, these probabilities are not a simple
linear form of data, and there should be adapted
techniques to calculate these probabilities (Webster and
Oliver 2001). One of these techniques is Disjunctive
Kriging (DK). Other geostatistical methods used to
calculate the probability that the true value exceeds the
threshold are conditional simulations (Chiles and
Delfiner 1999), multi-Gaussian kriging (Verly 1983;
Emery 2006 ) or nonparametric estimators such as
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indicator  kriging (Deutsch and Journel 1998).
Considering this capability, DK has been used in earth
science; the works of some of the researchers can be
mentioned. A lot of researchers have used DK in
different cases such as Mining, Environment issues,
Petroleum, Geotechnique and so on, to perform the
estimations (Journel and Huijbregts 1978; Matheron
1984; Webster and Oliver 2001; Daya 2014). For
instance, in Emery (2006), this method is used for
describing the distribution of pollution in the earth and
some other parameters in agriculture (Emery 2005). In
this study, Emery has found more realistic results from
DK versus Ordinary Kriging (OK). This paper aims to
estimate and model the Cu values in Chelkureh using
DK method as a non-linear geostatistical estimator,
based on iso-factorial model and Hermit polynomials.

2. Theory of disjunctive kriging (DK)

Basically, in DK, the random field Z to be estimated is
decomposed into a sum of disjoint (uncorrelated)
components of sample values. When kriging of the
separate components is possible, the procedure is
onwards: i.e., when the joint probability density
functions of Z (or a transform of it, Y) and each sample
za (or Ya) is of isofactorial type (Matheron 1984). In
practice, a continuous variable like the grade of an ore
deposit can always be transformed by anamorphosis
into a Gaussian equivalent Y, and then only a joint
Gaussian hypothesis for the probability density
function (PDF) of samples is required, for which there
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exists an isofactorial representation based on Hermite
polynomials (Rivoirard 1994). The first step is to
transform observations on the random field, Z(x), to
observations on Y (X) such that:
Z(x) = DY (0)](D)

Where Y(x) is N (0, 1). The function @ is expressed
in terms of Hermite polynomials, which are related to
the normal distribution by Rodrigue’s formula:

1 dg(y)
H, (y)= 2
v (V) /_k!g(y) dyk (2)

In which g(y) is the normal probability density function,
k is the degree of the polynomial taking values 0, 1, 2,...

and 1 isa standardizing factor. The first two Hermite
Ji!
polynomials are:
H,(»)=1,
H,(y)=-y;
Thereafter the higher order polynomials are obtained
using the recurrence relation:

H () = —% VH ) = [ ()

The Hermite polynomials are orthogonal with respect
to the weighting function exp (-y2/2) on the interval
from —% to+ % | Many functions of a Gaussian
field Y(x) can be represented as the sum of Hermite
polynomials (Rivoirard 1994):

SY)} = LH YO} + [H Y ()} + LHAY (0} +---(3)

Because the polynomials are orthogonal we can
calculate the coefficients required for Eq. (1) as:
Z(x)=PY(X)] =D H Y ()} +---=
k=0
The transform is invertible, and so we can express
the results in the original units of measurement. To
krige the wvariable of interest, Z(x), the Hermite
polynomials are kriged separately and their estimates
are summed to give the disjunctive kriging estimator:

I () =@, +® H Y(x)}+ D, H Y (x)} +...(5)

So from n data points (x1,... xn) in the neighborhood
of x0 where we want an estimate we estimate the
Hermite polynomials by

ALY ()} = D A H LAY (x)} (6)

and we insert them into Eq. (5). The 1, are the kriging

weights, which are found by solving the simple kriging
equationS'

Z Ay COVIH {Y(x )i H Y (x)1]=covH {Y(x Db H Y (x )]

i=1

(7

or alternatively

S D H, Y (x)}(4)

—Xy); for all j=1..n
®)

In particular, the procedure enables estimation of
Z(x0) by

Z(xy) = Y (x))} = D, + @, [Hf {p(x,)}]+
9

z/likpk (x; _xj) = pk (xj
pr

The kriging variance of H AY(x)} is
= 1—2 w0 (x; —x,)(10)
and the disjunctive kriging variance of f[Y (x,)] is

2 (x) =S S22 (x)(1 1)

Once the Hermite polynomials have been estimated at
x0 we can estimate the conditional probability that the
true value there exceeds the critical value, Zc. The
transformation Z(x)=®[Y(x)] means that Zc has an

equivalent yc on the standard normal scale. Since the
two scales are monotonically related their indicators
are the same (Rivoirard 1994):

QZ(x) =z ]=Q[Y(x) = y.112)

where € is an indicator.
ForQ[Y(x)>y,], which is the complement of

QY (x) < y,], the kth Hermite coefficient is

=7 Qly <y H, ey =[" H (g
(13)

The coefficient for k=0 is the distribution function of
Y(x) atyc, i.e.,

So=GW,)
Where, G is the distribution function of the standard
Normal variate. For larger k

1, = ﬁﬂkl (v)g(r)(14)

The indicator can be expressed in terms of the
cumulative distribution and the Hermite polynomials:

QY (x)<y 1=G(y.)+ Z T H,,(y)g(y)H, {Y(x)}
(15)

Its disjunctive kriging estimate is obtained by
Q™ [y(x) < y.1=G(r) + Z gD B ()}
(16)

The kriged estimates H ,f {y(x,} approach 0 rapidly

with increasing k, and so summation need extend over
only few terms. This is the same as

QP [z(x,)<z.].
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In this instance, we are interested in the probability of
excess, and so we compute

O™ [2(x) > 2] =1 G(y,) Zﬁm_l(n)gm)ﬁf )

a7
3. Case study
The Chehelkureh deposit is located in the Nehbandan-
Khash zone (eastern Iran) between the Afghan block to
the east, the Neh Fault to the west, and the Bashagard
Fault to the south (Stocklin 1977) (Fig 1). This zone,
also known as the Sistan suture zone of eastern Iran
(Tirrul et al. 1983), represents a narrow, short-lived strip
of oceanic lithosphere that was consumed in the
Sennonian and Paleogene and, in part, obducted during
the Eocene continental collision (Tirrul et al. 1983).
Dikes and lavas from the Chehelkureh ophiolitic
mélange are plagioclase-phyric basalts with chemical
compositions that indicate that they were mid-ocean
ridge and marginal basin tholeiites (Desmons and
Beccaluva 1983).

The N-S—trending Lunka-Malusan Mountain Range is
the highest in the region, with Kuh-e-Lunka (2,300-m
elevation) comprising metaturbidites (Fig 2) and Kuh-e-
Malusan (2,425-m elevation) comprising gabbro
(Maanijou et al. (2012). The study area is divided into
three lithotypes on the basis of rock components:
igneous rocks (younger than ophiolites), sedimentary
rocks, and the ophiolitic mélange (Fig 2). Each of these
lithotypes is described below, relative to its age (i.e.,
from the oldest to the youngest unit). Sedimentary
layers, which consist of greywacke, shale, and
limestone, are tightly folded, steeply dipping, and
faulted (Maanijou et al. 2012). Cretaceous turbidites
have faulted contacts with the ophiolitic complex and
are composed of phyllite and small lenses of marble
(Maanijou et al. 2012). Paleocene turbidites are
composed of shale and sandstone with rare limestone
layers (Fig 2). Eocene turbidites are up to 1 km thick
and widespread. In metamorphosed turbidites, the basal
conglomerate is the oldest unit.
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Fig 1. Geologic map of the Chehelkureh ore deposit (Maanijou et al. 2008).
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Fig 2. Borehole location map of Chelkureh deposit

The western turbidites, which are altered, host the
Chehelkureh ore deposits (Maanijou et al. 2012).
Several granitoid stocks and dikes intruded the
sedimentary sequence where they are oriented parallel to
the major NWSE- trending fault set (Fig 2). Plutonic
rocks crop out mostly to the west of the Chehelkureh
Fault in the Lunka-Malusan Mountain Range (Valeh
and Saecedi 1989). Intrusive bodies consist of
quartzmonzodiorite and granodiorite at the Chehelkureh
deposit. Exposures of rock in the vicinity of the
Chehelkureh deposit are controlled by major N-S— and
NW-SE—trending faults, based on air photo lineaments,
surface traces, and offsets of geologic features
(Maanijou et al. 2012).

The Chehelkureh deposit comprises numerous lenses
and veins. There were two stages of mineralization, the
first of which consists of metallic mineralization
concentrated along the brittle, finely fractured parts of
the beds of sandstone, siltstone, and shale. The second
stage of mineralization formed along fractures that
crosscut sandstone, siltstone, and shale, displacing them
by several millimeters. The first stage includes quartz,
calcite, dolomite, ankerite, siderite, ilmenite, rutile,
molybdenite, pyrrhotite, arsenopyrite, pyrite, and
chalcopyrite. The second stage consists of quartz,

|

Frequency

Numberof Data

medan

std. dev

coef ofvar

maximum
upper quartile
median
lower quartile
minimum

dolomite, ankerite, siderite, chalcopyrite, sphalerite,
pyrite, galena, selenian galena, marcasite, nevskite, and
paraguanajuatite. The gangue minerals are dominated by
quartz and various carbonates, locally associated with
chlorite. Hypogene alteration consists of silicification,
carbonatization (ankerite, magnesite, siderite, and
dolomite), chloritization, kaolinitization, sulfidation,
and, less commonly, sericitization (Maanijou 2007,
Maanijou et al. 2012).

4. Statistical analysis on data

This deposit was explored principally by 48 boreholes
(Fig 2) with total 2976 m of drilling. In general, the
drilling grid is irregular; the distance between the two
boreholes varies from 50m to 100m (Fig 2). Borehole
samples were analyzed by ICPMS method. They were
of unequal length. It is very important in estimation to
work with equal support samples and therefore the data
were composited to equal lengths (Daya 2012; Afzal et
al 2013; Daya 2015a and b; Daya and Bejari 2015; Daya
and Hosseininasab 2019).

Statistical studies were performed on the raw data, and
the results are shown in Figure 3 for Cu (%)
concentration.
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25238
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1100
0200
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o

Cu

Fig 3. Histogram of the data for Chelkureh deposit
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consists of a spherical model with sill 1.20 and range

Figure 4 also shows the histogram of normal 140m plus a nugget of 0.46 (Fig 5). This model was
transformed data. Logarithmic transformation was used required since DK estimation will be based on it.
for normalizing the raw data. Statistical analysis was
done using the GSLIB Software (Deutsch and Journel 6. Estimation by disjunctive kriging
1998). To estimate the Cu concentration, the disjunctive
kriging method was used to receive estimates at points
5. Variogram Modelling on a grid 20m x 20m x 12.5m. These points may be
After computing and drawing the experimental taken as the center-points of cubes of dimension 20m x
variogram, a theoretical model was fitted on resulted 20mx 12.5m. The estimation and 3-D modeling process
experimental variogram. This was done by a series of commenced from the elevation of 650m above the sea
codes in MATLAB software. The experimental level to 1250m above the sea level in the mine. For the
variogram, y(h) was fitted to a theoretical model to find application of DK, MATLAB Software has been used.
three parameters, such as the nugget (c0), the sill (c) and Figure 6 and 7 show estimates and kriging errors of Cu
the range (a). After the experimental variogram was concentration in different elevations computed by DK.

calculated from the regularized data, a nested structure
with a nugget and a spherical variogram was used. It

— Number of Data 3213

mean 0
N sid. dev. .9998
120 _| [ | ] coef. of var undsfined

maximum 3.6058
upper quartile .6745
1 median 0
lower quartile -8745

minimum -3.8058

Frequency

transformed value

Fig 4. Transformed histogram of the data for Chelkureh deposit
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Fig 6. Estimates of Cu concentration by disjunctive kriging in different elevations (A=1300m, B=1400m, C=1500m, D=1600m
above the sea level) in Chehelkureh deposit

Figures 8 and 9 show the three-dimensional model of
DK estimates and DK errors of Cu concentration in
Chelkureh deposit. Based on the disjunctive kriging
method, the extremely and highly Cu concentration
happened in the northern and central parts of the
Chelkureh deposit (Fig 8).

The estimate of the grade at an unsampled location is
not enough. It is necessary to obtain an estimate of the
probability that exceeds a given threshold, say 0.5 %.

Figure 10 shows probabilities to exceed the chosen
threshold value of 0.5% in different elevations
computed by DK. Figure 11 also shows the three
dimensional model of probabilities to exceed the chosen
threshold value of 0.5%. Finally, validation of the
disjunctive kriging is carried out by using cross-
validation. Cross-validation uses all the data to estimate
the trend and autocorrelation models. It removes each
data location one at a time and predicts the associated
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data value. Results show that the correlation between
the estimated values and the real values is 63.4% (Fig
12). If we wish to label the strength of the correlation, 0-
0.19 is regarded as very weak, 0.2-0.39 as weak, 0.40-
0.59 as moderate, 0.6-0.79 as strong and 0.8-1 as very

Northing (m)

Northing (m)

G

x 10
3.3491¢ - 1
A
3.3489¢
3.3487¢
3.3485¢
3.3483¢ ‘

3.3482¢ {.‘.

3.348

3.3478¢
|

2
DK error (%)

1.8
16
14
1.2

3'3427.8305 2.2l325 2.23455

6
x 10

3.3491 C
3.3489
3.3487
3.3485
3.3483
3.3482

3.348

3.3478

3'3452305 2.2325 2‘23455

Easting (m) X 10

d 2
DK error (%)

232

strong correlation (Hassanipak and Sharafaddin 2001,
Vural 2014). According to the above classification, the
correlation between the real values and the estimated
study is strong.

value in this
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Fig 7. Disjunctive kriging errors of Cu concentration in different elevations (A=1300m, B=1400m, C=1500m, D=1600m above the
sea level) in Chehelkureh deposit
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Fig 9. 3D model of disjunctive kriging variance of Cu concentration
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Fig 12. Scatterplot of real value versus estimated value for Cu concentration in Chelkureh Deposit (cross-validation)

7. Conclusions

Choosing the proper method for estimation of
resource or reserve with a minimum error is very
important in geostatistical operations in mining
engineering. Because assessment of  project
economics (or another critical decision making) based
on estimation with high error is risky. The case study
presented in this paper show that disjunctive kriging is
a useful method in the estimation of reserves or
resources of vein type deposits, such as in Chelkureh
copper deposit. After trial and error, a variogram with
the best summary statistics was chosen. The model
consists of a pure nugget effect with 0.46 plus a
spherical scheme with sill 1.20 and range 140 m.
From the case-study, the author concludes that
disjunctive kriging can be used to model and estimate

the grade of a Copper ore deposit (Cu concentration).
Validation of the disjunctive kriging carried out by
using cross-validation. The result showed that the
correlation between estimated values and real values
was strong (63.4%).

References

Afzal P, Shahbeik Sh, Moarefvand P, Yasrebi AB, Zuo
R, Wetherelt A (2013) The Effect of estimation
methods on multifractal modeling for mineralized
zone delineation in the dardevey iron ore deposit, NE
Iran, Iranian Journal of Earth Sciences 6:78-90.

Chiles JP, Delfiner P (1999) Geostatistics: Modeling
Spatial Uncertainty, Wiley.

Daya AA (2012) Reserve estimation of central part of
Choghart north anomaly iron ore deposit through


javascript:void(0)
javascript:void(0)

236

Daya / Iranian Journal of Earth Sciences, Vol. 11, No. 3, 2019, 226-236.

ordinary kriging method, International Journal of
Mining Science and Technology 22: 573-577.

Daya AA (2014) Application of disjunctive kriging for
estimating economic grade distribution in an iron ore
deposit: a case study of the Choghart North Anomaly,
Iran, Journal of the Geological Society of India 83:
567-576.

Daya AA (2015a) Ordinary Kriging for the estimation
of vein type copper deposit: A case study of the
Chelkureh, Iran, Journal of Mining and Metallurgy
51:1-14.

Daya AA (2015b) Application of median indicator
kriging in the analysis of an iron mineralization,
Arabian journal of Geosciences 8:367-377.

Daya AA, Bejari H (2015) A comparative study
between simple kriging and ordinary kriging for
estimating and modeling the Cu concentration in
Chelkureh deposit, SE Iran, Arabian journal of
Geosciences 8: 6003-6020.

Daya AA, Hosseininasab M (2019) Application and
comparison of the cokriging and the fractal model for
identifying geochemical anomalies in Janja area, SE
Iran, International Journal of Mining and Mineral
Engineering 10: 1-26.

Deutsch CV, Journel AG (1998) GSLIB: Geostatistical
software library and user’s guide, second ed, Oxford
University Press, New York, NY, 369p.

Emery X (2005) Simple and ordinary multigaussian
kriging for estimating recoverable reserves,
Mathematical Geology 37: 295-319.

Emery X (2006) A Disjunctive Kriging Program for
Assessing Point-Support Conditional Distributions,
Computers & Geosciences 32: 965-983.

Hassanipak AA, Sharafaddin M (2001) Exploration
Data Analysis, University of Tehran Press (UTP),
Tehran (In Persian).

Journel AG, Huijbregts CJ (1978) Mining
Geostatistics, Academic Press, London, 600 pp.

Maanijou M (2007) Geochemistry, origin of ore fluids,
and formation of Chehelkureh copper deposit (NW of

Zahedan): Ph.D. Thesis, Tehran, Shahid Beheshti
University, 236 p (in Persian with English abstract).
Maanijou M, Lentz DR, Rasa I and Alirezaei S (2008)
Petrography and alteration of Chehelkureh copper
deposit: Mass balance of elements and behavior of
REE, Geosciences of Iran 17: 86—101 (in Persian

with English abstract).

Maanijou M, Rasa I, Lentz RD (2012) Petrology,
geochemistry, and stable isotope studies of the
Chelkureh  Cu-Zn-Pb  deposit, Zahedan, Iran,
Economic Geology 107:683-712.

Matheron G (1984) Isofactorial models and change of
support. In: Verly, G., David, M., Journel, A.G.,
Mare’chal, A. (Eds.), Geostatistics for Natural
Resources Characterization. Reidel, Dordrecht 449—
467.

Ortiz JM, Oz B, Deutsch CV (2004) A Step by Step
Guide to Bi-Gaussian Disjunctive  Kriging,
Geostatistics Banff' 14: 1097-1102.

Rivoirard J (1994) Introduction to disjunctive kriging
and nonlinear geostatistics, Clarendon Press
(Oxford) 180p.

Stocklin JO (1977) Structural correlation of the Alpine
ranges between Iran and Central Asia. Mémoires
Hors Série Soc Geol France 8 : 333-353.

Tirrul R, Bell IR, Griffis RJ, Camp VE (1983) The
Sistan suture zone of eastern Iran. Geological Society
of America Bulleti 94: 134—150.

Valeh N, Saeedi A (1989) Geological map of
Chelkureh, Geological Society of Iran, Sheet 8050,
scale 1:250,000.

Verly G (1983) The multigaussian approach and its
applications to the estimation of local reserves,
Mathematical Geology 15:259-286.

Vural A. (2014). Trace/heavy metal accumulation in
soil and in the shoots of acacia tree, Giimiishane-
Turkey. Bulletin of the Mineral Research and
Exploration 148:85-106.

Webster R, Oliver M A (2001) Geostatistics for
environmental scientists, Wiley, UK.


javascript:void(0)
https://www.springer.com/earth+sciences+and+geography/geology/journal/12594
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

