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Abstract. Kriging prediction on gold grade with the contamination of outliers, which are grouped into two zones i.e. rich
and poor zones, performed with classical and robust semivariogram comparison. Both are based on ordinary least squared
fitting of spherical model. The ordinary kriging method based on robust semivariogram is used in both Original and
Outlier-free data. The first scenario conducted on the Original, while the second performed on the Outlier free. Both are
fitted based on the classical method and the assumption of omnidirectional.
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INTRODUCTION

One of the important factors in the mining operations is the calculation of resources or reserves. A variety of
methods are offered, but the most widely used is geostatistics, which is a method based on the model of
semivariogram (some authors called variogram) and kriging prediction. Semivariogram is the main tool of
regionalized variable theory which quantifies the size and intensity of spatial variation. Semivariogram provide a
basis for the optimum interpolation through of kriging method [1].

There are two semivariogram models, namely the empirical (or experimental) and theoretical. The empirical
model is a model of discrete function which is used to execute the observation data. While the theoretical
semivariogram (e.g., spherical, exponential, linear, etc.) is a continuous function obtained by fitting (empirical
against theoretical), in which the output (among others) is the sill and the range. Both (sill and range) has a very
important role in the kriging method. Sill is a situation which is between samples within an area (or region) is no
longer spatially correlated. While the maximum distance of influence is called the range.

Empirical semivariogram can be solved with the classical model [2], or the robust model [3]. Classical models
used for non-skewed data, whereas in general, for skewed data is used robust model [4].

Kriging is a method, in geostatistics which is used to predict the values of a regionalized of random variable at
which unsampled data, and mainly based on sill and range parameters.

MATERIALS AND METHODS

In general, the minerals or metals component (including gold) inside the vein is not evenly distributed. Similarly
with the grade, which is often very erratical [5 and 6]. The existence of minerals, in this study is the gold deposits
that are in the vein, is also not evenly distributed. In one location (within a region) there is a deposit which has a
high grade (rich zone), whereas at other locations, in the same region there is a moderate or even low grade (poor
zones). Therefore, not necessarily that the calculation of reserves (mainly) conducted simultaneously, assuming that
the influence area can apply to all locations.

Sample data such gold grade (in g/t Au) which had been sedimented in the veins quartz, derived from the results
of assaying of 138 drilling samples, which are located in the Ciurug Pongkor, the area owned by PT. Aneka
Tambang UBPE Pongkor, West Java, Indonesia. Based on the results of statistical processing, the distribution of
grade clustered in two zones, namely, in the west is a high-grade zone, while the east is a zone with a low grade.

The first scenario is to calculate (based on robust model) the semivariogram data groups of 138 data. Outliers
should be excluded from the analysis [7]. Based on these considerations, since the data distribution is skewed, the
second scenario performed which is to eliminate the outliers from the data calculation and analysis. Therefore, there
are 10 data outliers then in the second scenario which is outlier-free data sets, eventually living to 128. Both the
results of these calculations serve as the comparison basis to the next step.
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The entire data set, both 138 and 128, located in an area which is extent of 1496x364 m?, or about 560000 m> @if
taken of outermost points). The main purpose of this paper is to calculate the average grade based on kriging
method. Reserve calculation is not done, because it is associated with the company's permission.

Geostatistics

Geostatistics is a part of statistics which is considered the regionalized variables as reliability of the random
sample. Mapping Z: Q—R called a random variable if the area of function Z is a countable set of {z, z,, ...} and
{@: Z(w)=z;} ey for all j=1, where y consists of all subsets of Q [8].

Regionalized variables can be simply described as a variable which is distributed in space. Journel & Huijbregts
[9] stated that mineralization phenomena (including gold grade distribution in two dimensions) can be characterized
by the spatial distribution of regionalized variables values.

Empirical Semivariogram

Semivariogram is a squared-difference function of expectation of the sample pair on the relative orientation [10,
11], i.e.

() = ELZ(5) - Zs + )T 0

Z (s) is the value of a variable which is situated in a location s, while Z(s+h) is the value of a variable which is
situated in a location within h distance of s. Empirical semivariogram then presented as [2]

) = s 31 [265,) - 265, + )P @

i=l

Z‘N(h)

If h=s; —s;, then Eq. 2 can be simplified (and this form will serve as a reference in writing of the next formula) to

y(h) =

Z‘N(h) Y- 3)

To minimize the occurrence of atypical observations has transformed Box and Cox [10] by assuming the

principle of normality and chi-squared distribution of four square root of (Z(s+h)—Z(s))*. in order to obtain the
robust semivariogram, namely

“4)

Sy 0.494 J

(ZN(h) Z[Z(s) Zs )] J /[0457+| )

N(h) ={(i, j);s; -s; = h}is sample pair observation which is separated at a distance h. If » is the number of data

observations, than the number of observation points is n(n—1)/2.

Semivariogram Fitting

Geostatistically, semivariogram fitting is a procedure to find the best continued-curve of points (by minimizing
the sum of squares, of course) interpreted as the process of matching the experimental semivariogram versus
theoretical semivariogram. The ultimate goal is to obtain a precise information of semivariogram parameters among
others, nugget, sill and range. In many mining literature, theoretical semivariogram fitting also called as a structural
analysis [12].

Semivariogram fitting is an important step of spatial estimations, because this will determine the weight of
kriging [13]. Fitting method, here using of ordinary least squares (OLS), as [10] and [14],

min 317 (h,) 7. (b, :0)F .
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In case where the estimator is robust, then 7, () is replaced with y(.).

Sill, which is geologically defined as igneous intrusions concordant to bedding rock [15], geostatistically defined
as a condition in which the semivariogram has reached a stationary condition. Range is the maximum distance

y(|h|) =7y, <. While nugget is a

where a semivariogram has reached the sill, and mathematically written as o
hi

condition where the extrapolation curve leadings to h=0 (the origin) does not produce 0)=0, but ©0)=c,.]. Or,
y(h) —> ¢, >0 for h—0.

Theoritical Semivariogram

Sill and range parameters as in empirical semivariogram of Eq. 3 and Eq. 4, to be fitted with theoretical
semivariogram, which in this paper is using spherical model [16]

3h 1(hY
y(h)= Cqy +C{Z—E(;\J }, h<a (6)

¢, +c, h>a.

Here, a is the range (of influence), ¢, as nugget and cy+tc is the sill. The data execution used the geoR’s library of R
package [17].

Ordinary Kriging
Ordinary kriging (OK) is a linear method with weighted averages of each value in a location which is, certainly
related to the semivariogram. This method is useful to predict the value at a certain unsampled point, by comparing
to the similar data on the other points that have been known. Suppose that the Z(s,), Z(s,), ..., Z(s,) is a collection of

grade points which are at spatial points sy, sy, ..., §,. [f 8¢ is a point to be predicted in which, each predictor random
variable Z(s;) has the same probability distribution at all locations, than the predicted value is [10]

Z(sy) = éw,Z(si) o

which is a weighted average of the sample values, provided unbias Z:’ _wi=1L

Kriging will minimize the mean squared error, with
min o7 = E[Z(s,) - Z(s9)]* = min[Z(sy) = > w,Z(s)]" ®
i=l

In the case where Z is an intrinsically stationary process, then

0'62 = E[Z(so) —Zwl.Z(sl.)]2 =22 wy(sy—s;)— Zwl-wjy(s,- -s;) ©)
i=1 i=1 i=1 j=1
Minimization can be done, as long as (wi, wy, ..., w,) eligible to limit z;’: Wi = 1. Thus, minimization can be
written as,
min 23 w,y(sg —$;) =2 2 wiw; (s, =8 ;) — 222w, =), (10)
i=1 i=1 j=1 i=1
where A is a Lagrange multiplier. After dividing the last equation by wy, w,, ..., w, and A, and also equalize the
oo’

partial derivatives, respectively of the parameters equal to zero =0=2y(s,—s,)— 2w y(s, —s;)—2/, then
j=1

i

obtained

jz:‘iwjy(s,.—sj)+2/1:2y(s0—sl.), Vi=1,...,n. (11)
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The partial derivative

2
oo,

oA

=0=2(3w -1 > 3w =1,
i=1 i=l

is a boundary condition as the described above.
If the matrix W=( w1, wa, ..., Wy, 4) and y=(y(So-s1), 7(S0-82), ---» ¥(80-54))’,

s, —s,), i=12,...n, j=12,.n,

= 1, i=n+l, j=1,..n,
1, j=n+lLi=1,..n,
0, i=n+l, j=n+l1. (12)

Eq (12) then be written succinctly, as T'W =y. While the weights w;, w,, ..., w, and 4 can be calculated,

W=T"y.
’ (13)

Variance of a predictor written as,

Bl

=Y wys —s,)+ 1
. 117’(, 0) (14)

i

RESULTS AND DISCUSSIONS

The initial step in spatial analysis is to check the raw data for the presence of trends and outliers [18, 10 and 7].
Based on assumption that gold grade values more than 15 g/t Au, there is 10 data outlier which then eliminated of
the calculation. These considerations is also linked to the value of CV=0.89 (already approaching to one), the
kurtosis value which is too high (12.41), and the difference between the mean and maximum value which is also
large (i.e. 42.250-70.55 g/t Au).

Empirical semivariogram calculations performed with the assumption of omnidirectional, with a lag of 50 m, the
maximum distance of 1500 m, and the angle tolerance of 22.5. Semivariogram of Original data is calculated using
robust model, while for Outlier-free data is using classical models.

TABLE (1). Semivariogram parameters for original and outlier-free data.

No Distance Semivariogram (g/t Au) Pairs
(m) Original Outlier- Original Outlier-free
free
1 50 14.231 6.672 487 404
2 100 16.684 9.069 675 579
3 150 22.661 11.804 825 680
4 200 21.768 11.254 801 672
5 250 21.621 13.190 715 610
6 300 20.185 12.812 620 535
7 350 18.101 11.047 582 510
8 400 21.661 14.323 560 491
9 450 22.397 13.474 505 442
10 500 31.874 18.744 481 415
11 550 30.743 18.271 459 399
12 600 31.174 16.355 424 361
13 650 28.864 15.134 386 330
14 700 17.379 11.058 302 279
15 750 31.454 19.704 278 247
16 800 32.926 22.280 254 228
17 850 55.257 32.864 217 185
18 900 73.678 41.744 197 164
19 950 59.721 32.261 169 144
20 1000 55.405 32.360 130 112
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21 1050 38.193 24.735 120 107

22 1100 37.068 27.112 81 74
23 1150 46.395 29.364 60 53
24 1200 69.893 33.360 41 33
25 1250 66.640 42.970 30 25
26 1300 17.091 14.432 23 22
27 1350 75.624 19.816 10 8
28 1400 15.267 11.776 13 12
29 1450 29.646 16.600 6 5
30 1500 1.513 1.513 2 2

Semivariogram and Fitting of Original Data

The empirical semivariogram execution of Original data as TABLE (1) produces as much as 9543 point pairs,
where most couples are 825 pairs occurred on the third lag (150 m). The smallest lag distance is 50 m, and the
largest is 1500, so overall there are 30 lag. Based on the calculation is obtained that the smallest pair is 2 points
which is located on the thirtieth lag. The greatest semivariogram value for Original data is 69.893, and the smallest
is 1.513 (both in (g/t)* Au).

Using OLS fitting spherical models (as Eq. 6), then in the location that has 457.500 m* wide, obtained the sill
value is 43.489 (g/t)* Au, and the range is 1020.992 m (FIGURE 1 (a)). The greatest semivariogram value for the
Original data is 69.893 (g/t)” Au. Thus, the equation of theoretical semivariogram based on spherical model is

3
43.489 3h 1L h , h<1020.992
y(h) = 2x1020.992 211020.992

43.489, h >1020.992.

Semivariogram and Fitting of Outlier-free

The empirical semivariogram computation on the Outlier-free data is using the classical semivariogram models,
and here produce of 8128 pairs of points. As the Original data, Outlier-free data is calculated at angle tolerance of
22.5, which the lag of 50 and a maximum distance is 1500. The calculation of empirical semivariogram as TABLE
(1) is using the robust model, with lag of 50 meters, a maximum distance is 1500, and produces 8128 pairs of points
[n(n—1)/2]. As for the Original, the Outlier-free data, here gained of 30 lag.

The greatest semivariogram value is 42.97 (g/t)* Au, obtained on 25 pair of points with the distance of 1250 (or
at lag of 25). The smallest pair of points, i.e. 2 pairs, occurs on the last lag (distance 1500) where, further to the east,
the number drill samples become fewer. Greatest point pair is 680, which occurs at a distance of 150 m, or in the
third lag.

(@) ° o (b) °

Semivariogram
Semivariogram

Distance Distance

FIGURE 1. Spherical Fitting of (a) Original with Sill=43.489 (g/t)* Au, Range=1020.992, n=138 and (b) Outlier-free with
sill=24.684 (g/t)* Au, range=988.593 m and n=128.

Based on OLS fitting spherical models, obtained the calculation that for Outliers-free, produces of sill=24.684
(g/t)* Au, which began in range of 988.593 m (FIGURE 1 (b)). The equation, then become
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3
24.684 3h _If_h . h<988.593
y(h) = 2x988.593 2(988.593

24.684, h > 988.593.

Ordinary Kriging

The calculation of OK for both groups of data (Original and Outlier-free), with total area of 547.500 m” based on
prediction of block size (5x5) m?. On Original, ordinary kriging produces a lower prediction (about 30%) where the
mean error is —2.119 (g/t) Au. While in the Outlier-free, OK also predicts a lower value, although the mean error is
smaller (about 24%), i.e. —1.431 g/t Au (TABLE (2)). If seen from the mean error or percent decline predictions, the
Outlier-free produces better predictions than the Original.

TABLE (2). Original and Outlier-free Statistic and OK Predicted Parameters (in g/t Au).

Location n Sources Kurtosis Min 1"'Qu Median Mean 3" Qu Max

Original 138 True 12.410 0.450 2.713 5.750 7.055 9.220  42.250
Predicted 9.803 0.013 1.956 3.323 4.936 6.831 38.610
Error -2.119

Outlier-free 128 True 2.446 0.450 2.650 5.275 5.823 8.362 14.800
Predicted 2.774 0.379 2.059 3.426 4.392 6.401 14.570
Error -1.431

The distribution for Original and Outlier-free which is generated by the OK prediction can be seen in FIGURE 2.
Seen that the distribution of predicted for Outlie-free (FIGURE 2 (b)) is more evenly distributed than the OK
predicted results for the Original. In fact, for the "great grade" which is about 15 g/t Au (which looks yellow to
cream) move almost reaching to the border of the eastern region (FIGURE 2 (a)).

Latitude
Latitude
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—
Y
—
—_
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7600 7800 8000 8200 8400 8600 8800

Longitude Longitude
FIGURE 2. OK Predicted Distribution based on Spherical Model of (a) Original Data (Sill=43.489, Range=1020.992) and (b)
Outlier-free Data (Sill=24.684, Range=988.593).

CONCLUSION

Ordinary kriging which is based on OLS semivariogram fitting of spherical models produces a lower value than
the true data. However, elimination of outlier data can increase the percentage or mean prediction erros when
compared with the Original data, which is significantly skewed.
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