
MAGkl, 1:.1 .. GONZALE7., MA., COUUlli 11 .. arid EMERY, X. The influence of cood irinllal bias in tJlJlimmn ollilOOl": pil " lanning. Applicalion of 
COli/PUff,., and OP<!' lIIitm.< Re.!;eijrt:h ;1I //se Min(!rois 1mJ.jj/ries. Soulh Afri~-.. n ln~1 ilUle of Milling a nd ~nllfgy, 2003. 

The influence of conditional bias in optimum ultimate pit 
planning 

E.J. MAGRI , M.A. GONzALEZ, A. COUBLE, and X. EMERY 
Department o/Mining Engineering, U"iversity ojChi/e, Santiago. Chile 

Kriging estimate.,> of geologicLlI resources are sometimes condi tionally hia.'red becauSe !lIe kriging 
plan con(ain~ too few samples. This may be done purposely in ordcr (0 match the variance of the 
estimates to U1C (rue block dispersion variance. 

This work aim~ at evaluuting the influence or conditional bias over the uilimllte optimum pit 
design in relation to i(.~ shape, size and NPV (Net Present Value of pwtlts). It halo; been rei)tricted 
to two real case studics: a 'carrot shaped' gold porphyry in northern Greece and a manto-type 
exotic copper deposit localed in northern Chile. 

The methodology applied to each deposit consisted of generating a 'real block: model ' and four 
resource estimates by tlle use of conditio nal simula tion fi nd the application o f fou r different 
kriging plans io the d.rillhole databases rc..<;pccti ve_ly. The estimation mm.ld s vary in smoorhness 
and conditional hiatl. Ultimate optimum piL'l wcn! determined for the ' real' and the (our different 
kriging model". Pit cmnpuriWI1S lead to the following c(mclusions : 

• Tn tbe wornl case, conditional bias overestimated the pmject's NPV by 32% llnd 5% for the go ld and copper 
deposits respectively. 

• Thc overestimation of high grades i~ more relevant than the undcrcstimation of low grades. This resul tcd in a 
tonnage ovcr-extraction of 148% and 1 % for Ihe gold and copper deposit respectively. TIns ditIerence WllS 
attributable (0 th~ vastly different geometry or the deposits. 

• The smoothing crrcet of kriging, without or very little conditional bias, produced open pits that were 
different to the 'true' (ideal) ones and furthermore , underestimated the project's NPV by 10% and 6% for the 
gold and the copper deposits respectively. 

• Other factors that innuc nce the optimum open pit dc,'l ign und to some extent conlrolthe effect of conditional 
bias are: the cut-off grade, the ore body geometry and d istrihution of grades wi.thin it and the amount of over­
burden. 

Keywords: conditional bias. ultimate pit dc.~ign 

Introduction and conditional bias 
Kriging has bl':come the main tool for the I':stimation of 
geological resources worldwide. In some applications 
however, kriging estimates suffer fro m conditiona l b ias 
mainly due to the lL'le o f too fl':w samples or composil.eS in 
lhc krigil1g plan. This is sometimes done purpose.ly in orrler 
to march th l': variance of the esCimatt:d block values to the 
tnle block dispersion variance. 

TIle objcctive of this work is to eV:1lua!c the influence of 
conditional bias OVl':r the ultimate optimum pit design in 
relation to its shape, si7.e and NPV (Net Present Value of 
profits). Th e study was limited tn two real world 
applicntions: a 'carrot shaped' gold porphyry in northern 
Greece. which is still in an exploration stage, and a manto­
type exotic copper dcpos.it located ill northern Chile, which 
ha~ bCl!n in production since 2001. 

In simple words, cOllditiOlllll bias impties that for local 
estirnlllion, the means of the true block v<llues differ from 
those of th c cs. timated block values for different grade 
categories. Typically in open pits, the eMimated block 
values are tJle kriging estimates and the 'true block valucs' 
concsp<.llld to the averagc of the blast holes found within 
the blocks. 

Conditional bias can, and oftcn wi ll occur. even if there is 

no overall bins in the estimation. The most common effect 
is that low-estimated grades are underestimated whereas 
high-estimated grades are overestimaTed , therefore the 
regression line o f the true block values (Y) on the estimated 
block values (X) d iffers from the fi rst bisector and ha'l a 
s lope lowel' than 1.0. An example of a scatter p lOL with 
conditional bia.~ is shown in Figure 1, in which the linear 
regression line (th in line) cuts across thc first bi~ector (thick 
line). The est imates have no g lobal bias sinc~ the 
undcrc~timatyd and overestimated :1rcas shown in gray are 
simil ar in size, therefore the means of thc estimated and true 
block v:llues arc very sim ilar. 

Possible effects of conditional bias in open pit design are 
iJIlIstra ted in Figure 2. 

The top pair o f graphS corre!>ponds to the true and 
estimated grade d islribulion!!. of the goM porphyry, which 
has a s upe rfi c ial a nd a deer high -grade zo nes. The 
overestimation of thc."c, c.~pt!Cia lly the deep one can cause 
severe tonnage ovcr-cxLr,u;tion for n given set of economic 
parameters. 

Thc bottom pair of graphs ~orrc~pllnds to th e true and 
estimated grade distributions o f the copper man lo-type 
deposit. The o ver-extraction effect in this ca&e is nol at all 
obvious and depends on the cut"off grade being considered. 
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Figure 2. Effects of Cilooitional bias on pit desi&J1 

It is a pparent , however. that for both deposits 
overestimation in the high-estimated grade area will cause 
overestimation of the grade of the material extracted as ore, 
which leads to the overestimation of the NPV. 

Available data and methodology 
A real gold porphyry drillhole database and a geological 
block model were made avail ab le for this work. The 
prospeGt is located in the Chalkidiki province in northern 
Greece and hns been drilled using an irregular 50 ill by 
50 m grid. The deposit consists of a 'carrot- shaped' 
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roinera li7.e1l p()rphyry surrounded by schist that contains 
lower gmdc disseminated mineralization. Figure 3 depicts a 
typical plan and section showing the main rock tyJX:s. This 
deposit contains a smaU high-grade zone near surface and a 
large one belween 400 m and 600 m of depth. 

A drillhole database and a geological model of a manto­
type exotic c.:opper deposit wcre also made available for this 
study. It is inlcrcsling to nOle that this deposit is very 
differcnl from the go ld porphyry in shape and grade 
distribution. This deposit is located in Chilc ' ~ Second 
Region. Tills orebody was drjJ}ed using an irregular 70 m 
by 70 m grid of vertical drillho les. Production began in 
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Figure 3. Plan and section showing main rock lypes-gold porphyry 
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2001. Figure 4 depicts a typical plan and section showing 
the main estimation domain~, which roughly conespond to 
low, high and very high grades zones. 

In order to quantify the differences between optimum 
ultimate pit designs based on estimated block models with 
varying degrees of conditional bias and grade smoothness it 
was necessary to carry out the comparisons against the 
ultimate pit design obtained from the 'real block model 
grades'. As these arc unknown for the two deposits, they 
were obtained by Gaussian point-support simulation using 
the turning bands method (Journel and Huijbregts, 1978). 
The results were then averaged into block grades. Eleven 

simulations were done and ranked according to the total 
metal content. The median was accepted for comparison 
purposes. 

On the other hand, four estimated block models were 
obtained by kriging for each deposit. These block models 
vary in the degree of conditional bias and smoothness. The 
simulations as well as the kriging mlxiels were based on the 
drillhole databases. 

The methodology is outlined in the diagram above. 
As shown in the above diagram, analyses were carried out 

in the following stages: 
• Database revision and vaJidation. 
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(o'l~urc 4. Plan and section showing estimation domaltl~cxotrc ropper deposit 

• Exploratory data analysis and variDgraphy for the 
eiemelll of interest in each depo.sit. 

• Block model estima tion hy ordi nary kri ging. TIle 
following n ms were made for each deposit: 

-Kri/ting I : ESlima li on witl.i minimum or no 
conditional bias, achieved using 8 octanls in lhe 
search and between 2 and 3 composite<; per OCla nL 

-Kriging 2: Est imation wit h mini mum o r no 
conditio nal biat' achieved us ing 8 octants in the 
search and hclwccn 2 fi nd 6 composites per octan!. 
This model is over-smoothed. No attempts were 
made to cOITeCt for ~uch a smoothing effect, although 
post 4 proccssing tec hniques have recently been 
proposed fo r this purpose (Assibey-Bonsu and Ktige, 
19')9), 

-Kriging 3: Estimation with a strong conditional bias 
achieved using 2 angular sectors in the search and 
only 2 compositcs per sector. 

-Krlging 4: Estimation with intermediate conditional 
bias achieved using 4 quadrants in the search and 
only 2 composites per quadrant. 

• Conditional Grtussian sim ulation using the turning 
bands method. Eleven point-suppOlt simulations were 
carri ed out (or each depo sit. These were ran ked 
according to the lotal metal content. The median 
simulation was accepted and averaged inlo blocks of 
Ihe same size as those used for kriging. This model was 
considered ;IS the ' real block mode!'. 

• Statisti ca l va lidati o n o f the s imulation a nd !eriged 
models. 

• Analysis and quantificrllion of the conditional bias by 
means of scatter plots between the 'real ' and e~1ima(ed 
block grades. 

• Calculations of optimum ult imate pit designs for the 
' rcul' and es timated block models using the Lerchs­
Grossmann a lgo rithm. These pits were not made 
operational by smoothing or designing ramps so that 
results would not be disto!ted. 

• Final comparisons included the following aspects: 
-Pit volumes indicllting total ore and waste removed. 
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- Grade-tonnagc curves for finnl pits and their phases 
as well as compatisoll agninst the 'real' cuse. 

-Estimation of the Net Present Value of Profits (NPV) 

generated by the four cstimaLes and comparisoll:O; 
aguiniil the ' real case'. It is worth mentioning (haL, 
for each kliged block model, the NI'V was calculated 
using the estimated grades; for this reason, it does 
not reflect what wiU actually he achieved in the 
exploitation s tage , bu t what is expected to be 
achieved according to the block model. 

- AlUllyscs o f other fActOrs thOl I act in conjunction with 
the conditional bias and have a bearing in the fJnaJ 
results, such as cut-off grade, geometry and deplh of 
the orebody. 

Detailed description or composites and block models 

For the gold porphyry, a total of 14,252 five-m composites 
were ava il able . These corresponded to a total of 121 
diamond drillholes bored in an approximatc 50 10 by 50 m 
grid. Composite data included gold grade as well as a rock 
type code (porphyry or sehisL) . The total volume drilled was 
of approxirn..1lcJy 600 m by 800 m on sutface and 100010 in 
depth. Total tonnage amounted to approximately 1,300 
million tOlUles. 

The block model consistcd of 45 rows, 45 columns and 
92 levels. Blocks used were 20 ill. by 20 ill by 10 ill high. 
The motlel W3S rotaced 49.33 degrees to the north-east in 
order to coincide with the interpreted sections. The 186,300 
tOlal blocks were coded aCCOrding to the rock type ( I :: 
pOlphyry, 2:: sehi .~ t ). 

The exotic copper deposit consists o f a manlo striking 
N50E and dipping I 1 to 15 degrees to the NW. Exploration 
was carried o ut by meum.: of an approximate 70 m by 70 m 
grid of diamond and reven;e cin.:ulation drillholes. A total 
of 7.037 te ll-m coml)l)SilcS were available for analyses. The 
tota l vulu me covered by dr illing was o f the order o f 
3 ,200 m by 1,700 m by 395 III in depth and the total 
mineralized tonnage nmounted to some 4,900 million 
tonnes. 

The block model con.<;b:aed of 140 rows, 160 c()lumn~ and 
40 levels. Blocks used were 12.5 ill by 12.5 m by 10 10 
high. The 986,000 blocks were coded according to the 
estimation domain. These were 1 == wa~tc, 2 = (0.1 % to 
0.3%) totaJ copper, 3= (0.3% to 2.0%) (olal copper and 4 = 
(greater than 2.0%) total copper. These domains were hand­
interpreted in sec!ion.~ considering the grade distribution as 
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well as the geology, Three-dimensional solids were then 
comtrucled hy means of tie lines. The estimation was 
finally carned out within these domains. 

Geostatistical evaluation 

Gold porphyry 

Results of the exploratory data analysis are shown in 
Table 1. 

Experimental and fitted variograms for each rock type are 
shown in Figure 5 and snmmarized in the following 
equations, in which the distances in parenthesis refer to the 
ranges in the main anisotropy directions: 

Code 1: y Cod 1 (h) = 2.0 + 2,8 sph (30 m, 30 Ill, 30 m) + 
2.3 sph (70 m, 70 m, 240 m) + 5.5 cibic (DO, DO, 
270 m) 

Code 2: y Cod 2 (h) = 0.2 + 0.35 sph (130 m, 80 m, 390 m) 
+ 0.35 sph (260 rn, 240 m, 480 rn) + 0.12 sph (00, 
150 m, 390 m) + 0.25 sph (00, 300 m, (0). 

Quantification of conditional bias by means of filled 
linear regression models to 'true block values' as a function 
of estimated (kriged) block values for all rock types 
combined is shown in Table 11. As an example, Figure 6 
shows the regression line and the first bisector for the four 
kliging runs done on the porphyry rock-type. As expected, 
the first two kriging runs have aCGeptahJc GOnditional hias, 
the third one shows a severe effect and the fourth onc i~ 
worse than the first two bullx:tter than the third onc. 

Exotic copper deposit 

Statistical analysis results are shown in Table 111. 
Empirical and fitted variograms for each estimation 

Table! 

domain, excluding waste, are shown in Pigure 7 and 
summari7.ed in the following equations, in whieh thG 
di~tanees in parenthesis refer to the ranges in the main 
anisotropy direction~: 

Code 2: y Cod 2 (h) = 0.005 + 0.025 sph (250 m, 250 m, 
40m) + 0.03 sph (100 m, l(XJ m, 40 m) 

Code 3: Y Cod J (h) = 0.16 + 0.106 ~ph (140 Ill, 140 m, 
55 rn) + 0.075 5ph (90 m. 90 rn, 35 m) 

Code 4: Y Cod 4 (h) = 0.4 + 0.54 sph (60 m, 60 m, 20 m). 

Conditional bia~ rcsult~ for domains 2 to 4 combined arc 
shown in Table IV. As an cxample, Figure 8 ~hows the 
results for domain 3, which is the main ore producer. 
Results are similar to those obtained for the gold porphyry. 

Open pit optimization 

Gold porphyry 
The following economic parameters were used for the opGn 
pit optimization. 

Base gold price: 
Gold recovery: 

Processing cost: 
Sales cost: 
Mining cost: 
Variable transportation cost: 
Discount rate: 
Pit angle: 

$300/oz 
95% (agitation leach­
ing) 
$12ltonne of ore 
$l21oz 
$0.65/tonne of material 
$0.008/10 m 
10% 
50 degrees for all sec-
tors 

Pit optimizations were carried out using the Lerchs­
Grossmann algorithm, which allows the generation of 
phases or nested pits for increasing metal prices and mining 
costs. The gold prices used ranged between $120/07. and 

Clustered and declustered statistics-gold porphyry 

- _._ ... _. __ ... _ ... _. - -

Cooc 1: POlphyry Cooc 2: Schist 
'T- -----

Statistic Clustered Declustercd Cl"",,,d 1 Deduslcl'ed Totals 
- - ... __ ._-_._ .. - - - .... -_ .. - - ... -- -- - ..... _.- ._._ .... _----- --- ..... _.-

No. of Composit~s 3,083 3,083 JI,169 11,169 14,252 
Minimum [gIll 0.036 (}.036 0.020 0.020 O'()20 

Maximwn F.gItJ 51.352 5 I .352 27.884 27.884 51.352 
M~an [gft} 2.303 1.496 0.729 0.701 1.069 
Coeff. of variation 1.106 1.219 1.282 1.314 1.481 
Median [gltl 1,640 0.957 0.436 0.412 0.552 

Gold pO'l)hyry Code 1 Gold porphY1Y - C.ode 1 

"I "I 
, :1 

, , 
~ 
c 
::: 

0.' " 

~----,." "'" '00 '" 
,-, '00 

Di:ltan,,,, Iml 

Figure 5. Empirical and fiUed variograms for tbe gold porpb)'rY along the main directions of anisotropy 
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Table 11 
Conditional bias results for the gold porphyry (porphyry + schist) 

.. _-
Kriging Run Regressioo Line p' 

Kriging I Y _ 0.94X + 0.08 0.836 
Kriging 2 Y = 0.94X + 0.07 0.832 
Kriging 3 Y = 0.56X + 0.26 0.727 
Kriging4 Y _ 0.73X + 0.17 0.794 

O.89x + 0.29 

Eromated grade [ppm] (Kril~ 1. 0xJc 1) 

Estimated Mean Real Mean 
. _. -- --

0.612 0.653 
0.610 0.653 
0.620 0.653 
0.615 0.653 

y ~O.90x+O.29 

,. l u " 

llilim04<d J>fllde [PI'm] (Kritiu, }. C<><1o I) 

, ·0.45 

No.ofBlocb 

86,485 
86,485 
86,485 
86,485 

Figure 6. Conditional bias for kriging runs-gold porplJyry 

Table III 
Statistical analysis results-exotic copper deposit 

Statistic Code I (W"aste) Co(ie2 

Number 3562 1062 
Minimum(%] 0.000 0.008 
Maximwn[%] 4.968 2.608 
Mean [%] 0.074 0.324 
Coeff. of variation 2.391 0.794 
Median [%] 0.033 0.264 

$390/oz in steps of $45JOz. Economic evaluations were 
hased on a gold price of $300Joz. A comparison of pit 
optimization result~ between the 'real block mooel' and the 
four estimations is shown in Table V. 

Manto-type exotic copper deposit 

The economic parameters used for the pit optimizations 
were as follows. 

Copper price: 
Copper recovery %: 

434 

$ O.951Lb 
15.38 * In (cotal Cu) + 
73.966 

Cok 3 Code 4 

2078 265 
0.031 0.192 
5.040 9.6~2 

0.930 2.169 
0.M7 0.448 
0.755 2.051 

-- _ ..... __ .. _-- -- ----

Processing co~t 

SX-EW cost: 
Mining cost: 
Variable transportation cost: 
Di~count rate: 

.... -

Total (excluding waste) 

3405 
0.008 
9.652 
0.837 
0.878 
0.604 

$2.65/tonne of ore 
(Crushing + Heap 
leaching) 
$O.0844/[b 
$0.65/tonnc of material 
$0.008/10 m 
10% 

Pit Anglc~: 50 for north-west and 
55 for south-east 

Copper prices ranging from 0.38 $Ilb to 0.95 $Jlb in steps 
of 0.14 $Ilb were used to generate pit phase~ for this case 
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Kriging Run 

Kriging 1 
Kriging 2 
Krigiog 3 
Ktiging4 

Priee 
1--+ 

R eality 
Kriging J 
Kriging 2 
Kriging 3 
Kriging4 

lllS$loz] 

lOO 
300 
300 
lOO 
lOO 

Table tV 
Conditional bias results_oth: copper deposit (domains 2 to 4) 

--,-------,---
Linear Regresslon pl &tirnuted Mean Real Mean NO.ofBllICb 

-:;:--+---;::=::--1 
Y - l.OOX -+ 0.01 
Y '" I.U2X + (l .OO 
Y ",O.68X + 0.25 
Y .O.88X ... 0.11 

, 

0.842 
0.841 
0 .746 
0.8 14 

r - O.<}9J( 

1 1 l 4 ~ 

IlotIrnoowd .,.se ['JoCu1 (K<1P>3 I, (Jade 'l 

, 

l - IH9~ ~ t1." 

~ 
• 
~ 
~ 

~ 
t 
~ 

, . 

• 
, . 
, 

• 
, 
, 

n.750 
0.746 
0.753 
0.747 

0.762 97,095 
0.762 97,095 
0.162 97,095 
('-162 I 97.tJ9' 

- -------' 

Ol2J 4 ~ 

~Il\llod If*Io (\W.IJ ~'" 1. Code ~) 

,_ 0."'" .0.21 

1 2 3 • S 
Eslirn*d pMO ['K'uj (Krigi~ 4, C<>dt3) 

Figure It Conditional bias for krlging runs-exotic copper deposit 

Totallmlnllgc II:I} 

16795 
lR494 
1844 1 
41679 
19278 

Table V 
Pit ~l ptimi7.alion comparadve rtSUII5-Jt01d po'phJ'J 

~ wrtrtnge [kl} Ore/wa.:;te ",fio Ilea<! grade (gIt ] 

11237 0.49 2,137 

13841 0.34 2.5RI 
13376 0.38 2.451 
11679 1.36 2.706 
13722 0.40 2.644 
... 

Recoverable fine Jolt! (kod NPV [kUS.'$;] CuM! g/t 

1 
1 
1 
1 

942 
'1)3 

004 
467 
106 

9R692 
105923 
88986 
130359 
109915 

1.431 
1.431 
1.431 
1.431 
1.431 
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Table VI 
Pit optimization comparativ~ rt~lJlr_xulic copper deposit 

----. ~ . , , Price TOIal 0.. 
IUSSIlh] lom\~ge 11:.11 tonnage Ill] 

~ .~ 

Reality , 0.95 512186 23 1(()] 

Kriging I 0.95 .~()6406 238070 
Kriging 2 0_95 5051134 238869 
Kriging 3 0.95 515046 228606 
Kriging 4- D.95 508803 214-742 

.. ~ 

s lUdy. Economic evalua tions were based on 0.95 $/lb. 
Comparative results are shown in Table: VI. 

Conclusions 
This study leads to the following !.:()nclu~ions. 

• Conditional bias causes und crc~ timation in low ­
estimated grade areas and overesti mation in high ­
estimated grade a]"ca~, thus alters the di.stribution of 
estimated grad c..~ relative to the real grades. In thc two 
cases considered the overestimalion (If high-estimated 
grades, in the worst case, wmj rc.~ponsible for waste 
over-ex traction that amoun(cd (0 24,884 kt (1 48.2%) 
an(j 2.860 kt (0.56%) for lhe gold and copper deposits 
respectively. This effect is much more pronounced in 
the gold porphyry due to its geometry. 

• Conditional bias produces an (lvercstimalion of the 
project's NPV. In the ca~e of thc gold porphyry, the 
' rea l' figure was of US$ 98.692 million, the model with 
J argc.~t conditional bias overestim~ted it by US$ 3 I .667 
mil li on (32. 1%) while the model with mo derate 
conditional bias caused an overestimation of 11.4%. 
For the cXOlie copper deposit, the 'real' NPV was US$ 
702.019 million ; the model with largest conditional 
bias overestimated it by US$ 37.879 million (5.4%). 

• The smoothing effect o f kriging, with very little or no 
conditional bias, underestimated the project's NPV . 
This underestimation was of the order of 9.8% and 
5.7% for lile gold porphyry and tlle manto-type copper 
deposits respectively. 

• Other factors that influence the op timum open pit 
design an d to some ~xtcn l control the effect of 
eondi liona[ bias arc: the cm-off grade, the o rebody 
geome try and distribution of grades within it and the 
amoWlt of overburden. 
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~ -- - ~ 

Ore/wa,;te Ho" 
, 

Retovcrablc NPV l.)110f f 

rntio 

1.22 
1.13 
1.12 
1.25 
117 

gr~de fyrl fine copper (klbl [l:lJS$j 1.%] 
~ ~ 

0.952 ~fi7113fi2 702019 0.211 
0.905 354442 1 677475 0.211 
O,g<)1I 3516536 661883 0,28 
[),954 3662319 739!19~ 0,28 
0,917 3~60034 697394 0.28 

~~ . .. . - _ . 

• Conditionally unbiascd krig ing models produce open 
pits, which are ditlerent 10 Ihe ' true' ones because of 
the smoothing effect of thi~ estimation technique. 
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