
KIM, Y.C., ZHAO, Y.X. and RODITIS, 1.S. Performance comparison of local recoverable reserve estimates 
using different kriging techniques. APCOM 87. Proceedings of the Twentieth International Symposium on the 
Application of Computers and Mathematics in the Mineral Industries. Volume 3: Geostatistics. Johannesburg, 

SAIMM, 1987. pp. 65 - 82. 

Performance Comparison of Local Recoverable 
Reserve Estimates Using Different Kriging Techniques 

Y.c. KIM, Y.X. ZHAO and I.S. RODITIS 

Department of Mining and Geological Engineering, The University of Arizona, Tucson, Arizona, USA 

The estimation of local recoverable reserves using the widely spaced explora
tion drill hole information in an open-pit mine is probably one of the most 
difficult tasks in ore reserve estimation. The difficulty of this problem is 
magnified if the grade distribution is highly skewed, such as in a gold deposit. 

This paper describes the results of performance comparison of three different 
kriging techniques in an open-pit gold - silver deposit. The three different krig
ing techniques compared in their local recoverable reserve estimation 
capabilities are: (1) lognormal kriging, (2) indicator kriging, and (3) probability 
kriging. For performance comparison, the predictions are compared with the 
actual recoverable reserves determined from blast hole information. 

Based on the results from one test bench, both indicator and probability 
kriging performed better than lognormal kriging, perhaps owing to samples 
not being truly lognormal. Between indicator and probability kriging, 
probability kriging results were definitely superior to indicator kriging results. 

Introduction 

In order to arrive at the local 

recoverable reserve estimate, one 

Within the context of ore reserve 

estimation, the problem of estimating 

the local recoverable reserves based 

on sparsely spaced exploratory (or 

development) drilling information is 

probably the most difficult and, 

therefore, the least resolved one at 

needs to estimate the grade 

distributions within each panel which 

is generally the basis for estimating 

the global reserve and for performing 

present. This problem becomes 

particularly acute in a deposit 

having a highly skewed grade 

distribution, mainly due to the 

influence of even a single high 

valued assay on the total recoverable 

reserve estimate. It has not been 

uncommon in the past to observe 

discrepancies of as much as 500% or 

more between the estimate and the 

actual recovered metal content on an 

annual production basis. 

the long-range mine planning. Since 

any linear estimator such as ordinary 

kriging (OK) can only give the 

estimate of the average grade of each 

panel (i.e. one point estimate) 

rather than the distribution of 

grades, some type of non-linear 

estimator must be utilized in 

estimating the local recoverable 

reserves. 

Several of such non-linear 

estimators used in the past are: 1) 

disjunctive kriging1-a 2) 
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conditional probability distri-

butions«· 3) lognormal kriging~'·"". 

and 4) multigaussian kriging? An 

extensive review of the models and 

methods used primarily in the past is 

given by Marechal E • 

All the estimators mentioned above 

are parametric estimators in that 

each one requires some assumptions 

regarding the distribution parameters 

of underlying deposit grades. 

In recent years, two non-parametric 

(i.e. distribution-free), non-linear 

estimators based entirely on the 

available sample data were intro

duced 9 • 10 Both indicator kriging and 

probability kriging, the performances 

of which are compared in this paper, 

are two non-parametric, non-linear 

estimators. The attractiveness of 

both indicator kriging (IK) and 

probability kriging (PK) as compared 

to, say, lognormal kriging (LNK) 

which belongs to one of those 

parametric estimators mentioned 

earlier is the lack of assumptions 

required. In addition, IK is 

particularly attractive owing to its 

simplicity. PK is attractive because 

it utilizes more information 

available in the data than its 

simpler version IK, although PK is 

much more involved in both variogram 

modeling and kriging computation. 

For the sake of brevity, it is 

assumed that the reader is familiar 

with all three kriging techniques 

whose performances are compared in 

this paper. For those not familiar 

with these techniques, the references 

given are strongly recommended, prior 

to reading this paper. 
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The geology and ore-waste selection 
procedure 

The actual deposit used for the 

performance comparison is an open-pit 

gold-silver deposit located in the 

state of Nevada, U.S.A. The deposit 

is of the Carlin-type, containing 

large, low-grade, very fine grained 

gold in favorable sedimentary beds 

and in fault zones. The deposit was 

formed by the action of hot water 

flowing through permeable rocks and 

depositing gold mineralization in 

sites where the geochemistry of the 

environment was conducive to the 

precipitation of gold. One good 

example of such a gold deposit is the 

Jerritt Canyon deposit of central 

Nevada. 

The ore-waste selection procedure 

employed at the mine is based on 

blast hole assays and the traditional 

polygonal area of influence around 

each blast hole assay. If the blast 

hole assay is above the economic cut

off grade, then the area around this 

assay is designated as ore and 

flagged as such. The average spacing 

of blast holes is approximately 4,6 m 

(15 feet) and the bench height is 6,1 

m (20 feet). Consequently, the 

smallest mining unit (SMU) used to 

discriminate the selection between 

ore and waste material is 4,6 m x 4,6 

m x 6, 1 m (15' x 15' x 20'). 

The scope of this paper 

The scope of this paper is limited 

to a performance comparison of local 

recoverable reserve estimates using; 

1) lognormal kriging, 2) indicator 

kriging, and 3) probability kriging. 

The performance criterion is based on 
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the recoverable metal content of the 

gold above a given cut-off grade. 

The results of only one cut-off grade 

(i .e. 0,03 ozrton gold), which 

corresponds to approximately 85 

percentile of all assay grades and 

which is near the economic ore cut-

off grade, are given in this paper. 

Data from only one bench of the 

mine were used for this evaluation. 

The evaluation procedure consisted 

of: 1) estimating the local 

recoverable ounces of gold from this 

bench using the above three different 

kriging techniques and 2) comparing 

these estimates ~ith the 'actual' 

based on blast hole assays and ore

waste selection procedure in use at 

the mine. The 'actual' is not the 

446600E 

total amount of metal recovered at 

the mill. Therefore, the following 

two key assumptions are made in the 

process of evaluation: 1) the blast 

hole assays are accurate and do not 

possess any systematic bias, and 2) 

in-pit ore-waste selection procedure 

in use is an effective one. 

Data analysis 

There were altogether 227 DDHs on 

the test bench at an average spacing 

of approximately 22,9 m (75 feet). 

Fig. 1 shows the locations of these 

227 DDHs. It also indicates the 

boundaries of the study area within 

this bench, as given by a rectangle 

and a polygon. The polygonal area in 

Fig. 1 contains all the available 
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FIGURE I. Existing 227 diamond drill hole assay locations and boundary of study area containing 1 531 
blast hole assays 
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SUMMARY STATISTICS FOR UNTRANSFORMED DATA 

MEAN 
VARIANCE 
STD.DEV. 
SKEWNESS 
KURTOSIS 
COEF VAR 

.17066080E-01 

.93384080E-03 

.30558810E-Ol 

.40610740E+Ol 

.25023320E+02 

.17928880E+Ol 

MEDIAN 
25 PERCENT HINGE = 
75 PERCENT HINGE = 
LOW EXTREME VALUE= 
HIGH EXTREME VALUE 

.5000E-02 

.1000E-02 

.1800E-Ol 

.OOOOE+OO 

.2800E+00 

**HISTOGRAM** 

OBSV RELA CUML UPPER 
FREQ FREQ FREQ CELL LIM. 0 10 20 30 40 

+ + + + + + + + + 
78 .344 .344 .3000E-02 +********************************** + 
43 .189 .533 .6000E-02 +******************* + 
15 .066 .599 .9000E-02 +******* + 
14 .062 .661 .1200E-Ol +****** + 
16 .070 .731 .1500E-Ol +******* + 

6 .026 .758 .1800E-Ol +*** + 
4 .018 .775 .2100E-Ol +** + 
4 .018 .793 .2400E-01 +** + 
7 .031 .824 .2700E-01 +*** + 
3 .013 .837 .3000E-Ol +* + 
0 .000 .837 .3300E-Ol + + 
3 .013 .850 .3600E-Ol +* + 
2 .009 .859 .3900E-Ol +* + 
5 .022 .881 .4200E-Ol +** + 
1 .004 .885 .4500E-Ol + + 
3 .013 .899 .4800E-Ol +* + 
2 .009 • 907 .5100E-Ol + • + 
2 .009 .916 .5400E-01 +. + 
0 .000 .916 .5700E-01 + + 

19 .084 1. 000 INF + ••• ****. + 
+ + + + + + + + + 

227 0 10 20 30 40 

FIGURE 2. Statistical summary of 227 DDH assays 

SUMMARY STATISTICS FOR LOG-TRANSFORMED DATA 

OBSV 
FREQ 
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MEAN 
VARIANCE 
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+ + + + + + + 
.163 -.6486E+01 +*** ••• * •• *******.***.*.***.**+ 
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.344 -.5220E+Ol +* •• ***.*.*** + 
.414 -.4798E+01 +****.***.***.* + 
.533 -.4376E+01 +***.** •••• *** ••••••••••• + 
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+ + + + + + + 
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FIGURE 3. Statistical summary of lognormally transformed 227 DDH assays 
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blast hole information (i.e. a total 

of 1 531 blast hole samples) used In 

evaluation. A statistical summary of 

the 227 DDHs is given in Fig. 2. As 

can be seen from the figure, the 

assays are highly skewed to the right 

with a coefficient of variation of 

1 ,8. 

Other pertinent statistics which 

have a direct bearing on fitting a 

lognormal distribution as well as for 

selecting indicator cut-off grades 

are given in Table 1. Five indicator 

cut-off grades were chosen in such a 

way that, as much as possible, each 

cut-off grade contained approximately 

201. of data. The selected indicator 

cut-off grades are; 0,001, 0,003, 

0,007, 0,015 and 0,047 oz/ton gold. 

For lognormal kriging, a three 

parameter lognormal distributi0 11 was 

fitted to the 227 DDH assays shown in 

Fig. 2. The final parameters 

selected for lognormal transformation 

is given by Equation 1. 

Y = 0.001 + 2*2 [1J 

where Z is the initial DDH assay 

value. 

The histogram and the statistics of 

lognormally transformed Y values are 

given in Fig. 3. This clearly shows 

TABLE 1 

Pertinent statistics of 227 diamond 
drill hole assays 

Assay Values 
(or Interval) 

z = 0.000 
z .= 0.001 
z 0.002 
z 0.003 
z = 0.004 
z = 0.005 

0.006 < z < 0.010 
0.010 < z < 0.015 
0.015 < z < 0.020 
0.020 < z < 0.025 
0.025 < z < 0.030 

0.030 < z < 0.100 

0.100 < z < 0.200 

z = 0.280 

Number Percent of CUMmulative 
of Assay Total Assay Frequency 

37 
27 
12 
16 
10 
17 

27 
18 

9 
8 
7 

31 

5 

16.3 % 
11. 9 % 

5.3 % 
7.0 % 
4.4 % 
7.5 % 

11.9 % 
7.9 % 
3.9 % 
3.5 % 
3.1 % 

13.7 % 

2.2 % 

0.4 % 

16.3 % 
28.2 % 
33.5 % 
·~O.5 % 
44.9 % 
52.4 % 

64.3 % 
72.2 % 
76.1 % 
79.6 % 
82.7 % 

96.4 % 

98.6 % 

100.0 % 
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FIGURE 4. Locationsof3230,5 m x 30,5 m(100' x 100') 
panels and polygonal boundary of available blast 
hole assays 

that the data are not truly lognormal 

even using the three parameter 

lognormal model. However, the upper 

half of the histogram of Fig. 3 does 

resemble a normal distribution. 

Fig. 4 shows the locations of 32 

panels to be used for performance 

comparison of local recoverable 

reserve estimates. The size of panel 

chosen is 30.5 m x 30,5 m (100' x 

100') which ensured that there is at 

least one DDH assay in or around each 

panel. Fig. 4 also shows the 

polygonal boundaries of available 

1 531 blast hole assays at an average 

spacing of 4,6 m (15 feet). What 

should be observed from the figure is 

the fact that the number of available 

blast hole assays within each one of 

the 32 panels is variable owing to 

the particular shape of the polygon. 

This fact can be further observed in 

PERFORMANCE COMPARISON OF LOCAL RECOVERABLE RESERVE ESTIMATES 69 



TABLE 2 Variogram modeling 
SUIl1Y.lary of blast hole assay statistics 

Subsequent discussions on variogram 

modeling deal only with the average 

variogram in all directions, simply 

because no anisotropy was detected. 

for 30,Srn x 30,ST'l (11")(")' xlOO' ) panels 

PANEL 
NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Table 

blast 

30,5 m 

70 

NO OF SAMPLE STD. 
SAMPLES MEAN DEV. 

0 
24 .083 .045 
34 .086 .049 
54 .030 .023 
61 .011 .013 

128 .025 .017 
130 .033 .029 

88 .007 .010 
26 .025 .018 
55 .038 .042 
54 .052 .032 
53 .057 .043 
59 .023 .029 
98 .026 .020 

103 .030 .024 
114 .020 .025 

52 .020 .013 
40 .019 .023 
37 .010 .016 
45 .065 .053 
35 .014 .014 
85 .021 .019 
84 .017 .021 
88 .012 .013 
40 .042 .024 

0 
0 

110 .0008 .001 
109 .0007 .007 

82 .003 .004 
78 .006 .004 
76 .005 .005 

MIN 
C.V VALUE 

.54 .028 

.57 .003 

.76 .000 
1.11 .000 

.67 .007 

.86 .001 
1.45 .000 

.72 .002 
1.11 .001 

.62 .000 

.75 .006 
1.30 .000 

.78 .006 

.79 .000 
1. 29 .000 

.67 .001 
1.12 .000 
1. 66 .000 

.81 .000 
1. 00 .000 

.94 .000 
1.22 .000 
1. 07 .000 

.58 .004 

1.27 .000 
1.19 .000 
1.54 .000 

.79 .000 
1. 79 .000 

MAX 
VALUE 

.204 

.194 

.102 

.078 

.113 

.112 

.048 

.065 

.187 

.136 

.159 

.210 

.133 

.091 

.124 

.058 
• 101 
.072 
.179 
.055 
.099 
.130 
.076 
.124 

.003 

.003 
• 020 
.016 
.032 

a) Lognormally Transformed Variogram 

- Fig. 5 is the chosen, 

lognormally transformed variogram 

along the horizontal plane. The 

variogram is reasonably well 

behaved, although it has a 

relatively large nugget 

component • 

b) Indicator Variogram Horizontal 

indicator variograms were 

calculated using the 227 DDHs at 

five different cut-off grades 

mentioned earlier • Figures 6 

through 10 show the obtained 

variograms. As can be seen from 

2 which contains a summary of these figures, all five 

variograms are quite well behaved 

and they can be fitted with the 

hole assay 
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same spherical model. As 

expected, both the sill and the 

range generally increase as the 

cut-off grade increases, until 

the near median cut-off grade of 

0,007 oz/ton is reached. (Note 

from Fig. 2 that the median grade 

of 227 samples is 0,005 oz/ton.) 

Afterwards, the sill and range 

decrease as the cut-off grade is 

further increased. It is 

interesting to observe that the 

obtained indicator variogram at 

the highest indicator cut-off 

grade is a pure nugget model (see 

Fig. 10). 

Uniform and Cross Variogram - In 

addition to the indicator 

variograms shown in Figures 6 

through 10, probability kriging 

(PK) requires; 1) a uniform 

variogram using the uniformly 

distributed rank ordered data'o, 

and 2) the same number of cross 

variograms of uniform vs 

indicator data as there are the 

number of indicator variograms. 

Instead of using the conventional 

notion of a uniform distribution 

F(x) which is an increasing 

function between 0 and 1 (and 

which is used by Journel), the 

use of a decreasing function 1-

F(x) .is more desirable in PK 

simply because the obtained cross 

variogram values are then all 

positive. It is for this reason 

that the cross variograms shown 

in Figs. 11 through 13 have all 

positive values. Although five 

cross variograms were computed, 

only three are shown in this 

paper for the sake of brevity. 

Finally, Fig. 14 shows the 
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a) 

76 

obtained uniform variogram. As 

can be seen from Figs. 11 through 

14, all cross variograms and the 

uniform variogram are just as 

well behaved as the indicator 

variograms. 

Kriging results 

Lognormnl - Using the variogram 

of Fig. 5 and the transformpu DDH 

assay values, each one of the 32 

panels were kriged using ordinary 

kriging to obtain the logarithmic 

mean and the logarithmic kriging 

variance for each panel. 

obtained kriging variance 

To the 

a..,,"''') , 

the logarithmic variance of the 

smallest mining unit (SMU) in the 

deposit is customarily added to 

obtain the total variance 

( a~,,,,,~/'·') of the lognormal 

distribution within each panel. 

Since both IK and PK are based 

entirely on point estimates and 

point selection criteria of 

recoverable reserves within each 

panel, the logarithmic sample 

variance within each 30,5 m x 

30,5 m (100' x 100') panel is 

added to the kriging variance to 

obtain the total variance of the 

lognormal distribution associated 

with each panel. Thus, the 

underlying assumption used in the 

above procedure is that ore grade 

in each panel is lognormally 

distributed with the mean equal 

to the kriged estimate and the 

variance equal to the sum of 

dispersion and estimation 

variances. 

Next, using the mean grade of the 

panel and the total variance, the 

b) 

appropriate lognormal 

distribution is fitted to the 

distribution of ore grades in a 

given panel. Finally, the 

proportion of ore in the panel 

above the cut-off grade and the 

average ore grade in that panel 

are computed. Table 3 summarizes 

the lognormal kriging results 

based on the ore cut-off grade of 

0,03 oz/ton gold for 32 panels 

shown in Fig. 4. 

Indicator Kriging - Using the 

five indicator variograms of 

Figs. 6 through 10 and the 

transformed indicator DDH assays, 

ordinary kriging was performed to 

obtain the initial five estimated 

points of the (point) grade 

distribution of each panel. In 

order to approximate the grade 

distribution of each panel 

bettec, the intervals between the 

initial five estimates were 

TABLE 3 
Lognormal kriging results for the 32 

panels shown in Figure ~ 

LNK RESULTS cutoff = .030 oz/ton 

AVERAGE OUNCES 
PANEL % OF ORE ORE GRADE TON:S OF GOLD 

J. .6574 .1517 939l. 1425. 
2 ~698~ .1639 9973 • 1635. 
3 • 4700 .1123 6714. 754. 
4 .3261 .0899 4658 • 419. 
5 • 3096 .0873 4422. 386. 
6 .370f) .0984 5285. 520. 
7 .2626 .0817 3752. 306. 
S .0431 .0558 616. 34. 
9 .4124 .1033 589l. 609 • 

10 • 3405 .0911 4864. 443. 
11 .2095 .0750 2994. 224. 
12 .2717 .0832 3881- 323. 
13 .2991 .0879 4273. 377. 
14 .3390 .0945 4842. 457. 
15 .3939 .1047 5627. 589. 
16 .2197 .0800 3139. 251-
17 .3405 .0941 4864. 458. 
18 .1891 .0722 2701- 195 • 
19 . 0559 .0566 798. 45. 
20 .0967 .0622 1382. 86. 
21 .0774 .0607 1106. 67. 
22 .1106 .0656 1580. 104. 
23 .2437 .0862 3481. 300 • 
24 • 2904 .0884 414&. 367. 
25 .4335 .1059 6194. 656 • 
26 • 5577 .1256 7968. 100l. 
27 .1882 .0701 2689. 1)18. 
28 .0160 .0482 228. 11. 
29 .0057 .0423 82. 3·, 
30 .0084 .0452 119. 5 • 
31 • 0472 .0580 674. 39 • 
32 • 0985 .0655 1407. 92. 
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c) 

further divided into forty 

different indicator cut-off 

grades. These 40 cut-off grades 

were then used to obtain 40 

different estimated points along 

the distribution function. 

Having constructed the grade 

distribution function using 40 

estimated points along this 

function, the task of computing 

the recoverable tonnage and grade 

above any cut-off point is simply 

accomplished by integrating the 

area under this function 

belonging to the right-hand side 

of the chosen cut-off grade. 

Table 4 summarizes the IK 

results. 

Probability Kriging - The same 

five indicator cut-off grades 

were used in PK for the initial 

estimated points of grade 

distributions for each panel. 

TABLE 4 
Indicator kriging results for the 32 

panels shown in Figure 4 

IK RESULTS cutoff = .030 oz/ton 

AVERAGE OUNCES 
PANEL % OF ORE ORE GRADE TONS OF GOLD 

1 .6574 .1517 9391. 1425. 
1 .7735 • 0696 11050 • 769. 
2 .8335 .0830 11907. 988. 
3 .5308 • 0877 7583 • 665. 
4 .3649 • 0758 5213 • 395. 
5 .3517 • 0534 5024 • 268. 
6 .4129 • 0557 5899 • 329. 
7 .4798 • 0486 6854 • 333. 
8 .2868 • 0592 4097 . 243. 
9 .3606 .1069 5151. 551. 

10 .5142 . 0972 7346 . 714. 
11 .3966 . 0885 5666 • 501. 
12 .3579 • 0500 5113 • 256. 
13 .3916 • 0627 5594 • 351. 
14 .4164 • 0550 5949 • 327. 
15 .5660 • 0556 8086 • 450. 
16 .4863 .0495 6~47. 344. 
17 .2629 .0855 3'56. 321. 
18 .3561 .0304 5~87. M9. 
19 .1394 . ,.227 !991. ~;\4. 

20 .1597 • L'J99 2,,81- .,51. 
21 .2786 • 0368 3980 • l·~,6. 

22 .3898 .037:, 5569. ~O7. 

23 .5135 .0436 7336. 357. 
24 .5444 . 0478 7777 • 372. 
25 .4722 .0683 6746. 461. 
26 .8186 • 0683 11694. 799. 
27 .5078 .0759 7254. 551. 
28 .0763 . 1330 1090. 145. 
29 .0640 • 0410 914. 37. 
30 • 1200 • 0410 1714. 70. 
31 .2023 • 0605 2890. 175. 
32 .2A78 • 0554 3540. 196. 

As 

the readers are aware, the same 

five indicator variograms (see 

Figs. 6-10), five cross 

variograms and one uniform 

variogram (see Fig. 14) were 

utilized to solve the PK system 

of equations for each panel. 

Next, the estimated grade 

distributions were further 

refined using the same forty cut-

off grades. The observed order 

relations problem 18 for PK was 

considerably more pronounced than 

for IK. As a result, more 

frequent adjustments to the 

obtained grade distributions were 

required prior to the 

determination of recoverable 

tonnage and ore grade. 

learned later that the 

It was 

inconsistency in the number of 

nested structures used in cross 

variogram modeling was 

TABLE 5 
Probability kriging results for the 32 

.oanels shown in Figure 4 

.l'K RESUL'l'S cutoff - .030 oz/ton 

AVERAGE OUNCES 
PANEL # % OF ORE ORE GRADE TONS OF GOLD 

1 . 7857 .1269 11224 • 1424. 
2 • 8542 .0733 12202 • 894. 
3 .4117 .1288 5881. 757. 
4 . 3451 .0899 4930 . 443. 
5 .2996 • 0343 4280 . 147. 
6 .4139 . 0372 5912 • 220. 
7 .4895 • 0372 6993 • 260. 
8 .2872 • 0341 4103 • 140. 
9 .3047 . 1897 4353 . 826. 

10 .5496 .1135 7851. 891. 
11 • 4014 .0801 5734 • 459. 
12 • 3575 .0405 5107 • 207. 
13 • 3738 .0359 5340 • 192. 
14 .4089 .0487 5841. 285. 
15 . 5855 .0330 8365 . 276. 
16 .4502 .0330 6431. 212. 
17 .2450 . 1163 3500 . 407. 
18 • 2835 .0730 4051 • 296. 
19 • 0615 .1044 879 • 92. 
20 .1347 • 3759 1924 • 723. 
21 • 1984 .0330 2834 . 94. 
22 .3765 . 0346 5379 • 186. 
23 .5226 .0604 7465. 451. 
24 .5512 .0341 7874. 268. 
25 .4575 • 0468 6536 • 306. 
26 .5988 .0638 8555 • 545. 
27 .5099 . 0474 7284 • 346. 
28 .0173 .0474 248 • 12. 
29 .0000 . 0000 o . O • 
30 .0919 .0330 1313 • 43 • 
31 .1604 • 0330 2292 • 76 • 
32 .0000 . 0000 o • o • 
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responsible for this severe order 

relations problem encountered. 

Table 5 gives a similar summary 

of PK results for those 32 

panels. 

Performance comparison 

As mentioned earlier, a comparison 

of prediction performance given in 

this paper is based on only one cut

off grade. Since all three kriging 

techniques are meant to estimate a 

distribution of grades in a panel, a 

more rigorous criterion for 

comparison should be those used to 

compare statistically the 

similarities of two different 

distributions. However, such a 

criterion was not adopted in this 

paper. 

Table 6 summarizes the actual and 

estimated values of ounces of gold 

78 

TABLE G 

Actual ,and estimated values of ounces 
of gold recovered from each panel 
at 0,03 oz/ton cut-o~r 

-----------1-----------1-----------1-----------1 
8 7.116231.12438.132 0.1 

140. I 212. I 268. I O. I 
245. I 344. I 371. I 196. I 

34. I 251. I 366. I 92. I 
-----------1-----------1-----------1-----------1 

7 422. 1 15 350. 1 23 172. 1 31 O. 1 
260. I 276. I 451. I 75. I 
333. 1 450. I 357. 1 174. I 
306. 1 589. I 300. 1 39. I 

-----------1-----------1-----------1-----------1 
6 233. 1 14 267. 1 22 196. 1 30 O. 1 

220. 1 285. 1 186. 1 43. 1 
329. 1 327. 1 207. I 70. I 
520. 1 457. I 103. I 5. I 

-----------1-----------1-----------1-----------1 
5 38. i 13 292. 1 21 73. I 29 U. I 

147. 1 192. I 93. 1 O. 1 
268. I 351. I 146. I 37. I 
386. 1 376. I 67. I 3. I 

-----------1-----------1-----------1-----------1 
4 338. 1 12 800. 1 20 938. I 28 O. 1 

443. 1 207. 1 723. I 11. 1 
395. 1 256. 1 251. I 144. I 
419. I 323. I 86. I 11. I 

-----------1-----------1-----------1-----------1 
3 1224. I 11 708. I 19 57. I 27 1 

757. I 459. I 92. I I 
665. I 501. I 244. I I 
754. I 224. I 45. I I 

-----------1-----------1-----------1-----------1 
2 1166. I 10 541. I 18 205. 1 26 1 

894. 1 891. 1 296. 1 1 
988. 1 714. I 409. I I 

1635. I 443. 1 195. I I 
-----------1-----------1-----------1-----------1 

1. Actual I 9 239. I 17 122. 1 25 529. 1 
2. P.K. I 826. I 407. I 306. I 
3. I.K. 1 551. I 321. 1 460. I 
4. LN.K. I 609. I 458. I 655. I 

-----------1-----------1-----------1-----------1 

from each panel, when the economic 

cut-off grade is 0.030 oz/ton. In 

Table 6, there are 32 small blocks 

which summarize the individual 

results of corresponding 32 panels. 

The first column in each block 

corresponds to the panel ID as given 

in Fig. 4. The second column 

contains four values: 1) actual 

ounces of metal, 2) estimate based on 

PK, 3) estimate based on IK and 4) 

estimate based on LNK. Fig. 15 shows 

the histograms of the actual and 

estimated ounces of gold recovered 

from each one of 30.5 m x 30.5 m 

(100' x 100') panels. Table 7 

summarizes the statistics of 

estimation errors of those 29 

estimates shown in Fig. 15. (Please 

note that panels #1, #26, and #27 do 

not contain any blast hole assays.) 

Based on the results given in Fig. 

15 and Table 7, one can conclude that 

PK gave the best results, followed by 

IK and LNK. This is so because, not 

only does the distribution of PK 

estimates resemble the actual 

distribution most closely but also 

the mean error of PK estimates is 

nearly zero. The distributions of 

both IK and LNK estimates do not 

resemble the actual distribution as 

closely and the mean errors are much 

greater than PK. 

Fig. 16 gives three scatter plots 

of actual vs estimate of 32 panels 

TABLE 7 
A summary statistics of estimation 

errors 

Estimation Error (Actual - Estimate) 

Method 

P.K. 
I.K. 
LN.K. 

Mean 
Error 

0.85 
-31. 66 
-19.55 

ST. DEV. % Difference 
of Error in the Mean 

237.6 
252.1 
290.4 

0.2 % 
-10.0 % 
-6.2 % 
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Actual Data, Cutoff=0.03 oz/ton 

**HISTOGRAM** 

OBSV RELA CUML UPPER 
FREQ FREQ FREQ CELL LIM. 0 10 20 30 40 

+ + + + + + + + + 
10 .345 .345 .1000E+03 +*** ••• ****** ••• ******************* + 

3 .103 .448 .2000E+03 +********** + 
6 .207 .655 .3000E+03 +********************* + 
2 .069 .724 .4000E+03 +******* + 
1 .034 .759 .5000E+03 +*** + 
2 .069 .828 .6000E+03 +******* + 
0 .000 .828 .7000E+03 + + 
1 .034 .862 .8000E+03 +*** + 
1 .034 .897 .9000E+03 +*** + 
1 .034 .931 .:OOOE+04 +*** + 
0 .000 .931 .ll00E+04 + + 
1 .034 .966 .1200E+04 +*** + 
1 .034 1.000 INF +*** + 

+ + + + + + + + + 
29 0 10 20 30 40 

P.K. Method, Cutoff=0.03 oz/ton 

**HISTOGRAM** 

OBSV RELA CUML UPPER 
FREQ FREQ FREQ CELL LIM. 0 10 20 30 40 

+ + + + + + + + + 
7 .241 .241 .1000E+03 +************************ + 
4 .138 .379 .2000E+03 +*******.****** + 
8 .276 .655 .3000E+03 +**************************** + 
1 .034 .690 .4000E+03 +*** + 
4 .138 .828 .5000E+03 +*.************ + 
0 .000 .828 .6000E+03 + + 
0 .000 .828 .7000E+03 + + 
2 .069 .897 .aOOOE+03 +***** •• + 
J • 103 1.000 .90001li+03 + •••••••• ", • + 
0 .000 1.000 .1000E+04 + + 
0 .000 1. 000 .1l00E+04 + + 
0 .000 1.000 .1200E+04 + + 
0 .000 1.000 INF +*** + 

+ + + + + + + + + 
29 0 10 20 30 40 

I.K. Method, Cutoff=0.03 oz/ton 

**HISTOGRAM** 

OBSV RE LA CUML UPPER 
FREQ FREQ FREQ CELL LIM. 0 10 20 30 40 

+ + + + + + + + + 
2 .069 .069 .1000E+03 +******* + 
4 .138 .207 .2000E+03 +************** + 
6 .207 .414 .3000E+03 +********************* + 
9 .310 .724 .4000E+03 +******************************* + 
3 .103 .828 .5000E+03 +********** + 
2 .069 .897 .6000E+03 +******* + 
1 .034 .931 .7000E+03 +*** + 
1 .034 .966 .8000E+03 +*** + 
0 .000 .966 .9000E+03 + + 
1 .034 1.000 .1000E+04 +*** + 
0 .000 1. 000 .1l00E+04 + + 
0 .000 1. 000 .1200E+04 + + 
0 .000 1. 000 INF + + 

+ + + + + + + + + 
29 0 10 20 30 40 

LN.K. Method, Cutoff=0.03 oz/ton 

**HISTOGRAM** 

OBSV RELA CUML UPPER 
FREQ FREQ FREQ CELL LIM. 0 10 20 30 40 

+ + + + + + + + + 
9 .310 .310 .1000E+03 +******************************* + 
2 .069 .379 .2000E+03 +******* + 
2 .069 .448 .3000E+03 +.****** + 
6 .207 .655 .4000E+03 +********************* + 
4 .138 .793 .5000E+03 +********11:***** + 
2 .069 .862 .6000E+03 +**'11**** + 
2 .069 .931 .7000E+03 +******* + 
1 .034 .966 .8000E+03 +'111'1,. + 
0 .000 .966 .9000E+03 + + 
0 .000 .966 .1000E+04 + + 
0 .000 .966 .1l00E+04 + + 
0 .000 .966 .1200E+04 + + 
1 .034 1. 000 INF +*** + 

+ + + + + + + + + 
29 0 10 20 30 40 

FIGURE 15. Histograms of actual and estimated ounces of gold recovered from each panel at 0,030 oz/ton 
cut-off 
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FIGURE 16. Scatter plots of actual vs estimated ounces of gold using three different kriging techniques 

using PK, IK and LNK. The regression 

equations for the same scatter plots 

~re given in Table 8. Based on tile 

results given in Table 8, the same 

performance ranking can be observed 

among the three different techniques. 

A note of caution is in order, 

however. It should be understood 

that: 1) the results are based on 

only 29 samples, 2) the results of 

regression equations are extremely 

sensitive to one extreme data point, 

and 3) LNK results are also extremely 

sensitive to the underlying 

assumptions used to define the grade 

distribution of each panel. 

TABLE 8 
Least square parameters of regression 
lines for ounces of gold recovered at 

0,030 oz/ton cut-off 

Method 

P.K. 
LK. 
LN.K. 

Slope 

.96 
1. 23 

.73 

Intercept 

14.47 
-122.72 

76.10 

Correlation 
Coefficient 

.73 

.70 

.64 
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Conclusions 
Based on the results and the 

experience gained during this 

evaluation, the following conclusions 

can be drawn: 

1. 

2. 

3. 

Indicator kriging is a viable, 

easy-to-apply non-linear 

estimator ideally suited for 

estimation of local recoverable 

reserves for highly skewed 

distribution of grades, such as 

in a gold deposit. 

Probability kriging is 

considerably more involved than 

indicator kriging in terms of 

time and effort needed. However, 

it is not any more difficult in 

principle than IK provided the 

necessary computer programs are 

available. Because of its 

superior performance as compared 

to IK, the needed extra effort in 

PK will likely be justifiable in 

most instances. 

Lognormal kriging is also a 

viable tool, provided the data 

are truly lognormal and the 

underlying assumptions regarding 

the grade distribution of each 

panel are \/i:":\J:i.c:i. 
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