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1.0 THE PROBLEM 
 
Many of  t he open pi t  gol d mi nes i n Aust r al i a suf f er  f r om l ack of  
r econci l i at i on bet ween i n- pi t  est i mat es and act ual  head gr ades 
del i ver ed t o t he mi l l .   Thi s i s of t en despi t e adequat e gr ade 
cont r ol  sampl i ng and,  ver y of t en,  good geol ogi cal  cont r ol .   The 
pr obl em i s usual l y one of  di l ut i on.   That  i s  head gr ades ar e 
l ower  t han pr edi ct ed.  
 
The need t o quant i f y di l ut i on,  bot h i nt er nal  and ext er nal ,  i s 
wel l  known as an i mpor t ant  f act or  i n pr oduct i on f or ecast i ng.   Of  
cour se t he di l ut i on f act or  depends on t he physi cal  par amet er s of  
t he or ebody.   For  exampl e,  t he mor e compl ex t he geomet r y of  t he 
or ebody,  t he mor e pot ent i al  di l ut i on t her e i s  l i kel y  t o be when 
mi ni ng.   The di p of  t he or ebody has a bear i ng on how much 
di l ut i on wi l l  be i ncor por at ed wi t hi n a gi ven bench hei ght .   
Smal l er  benches al l ow mor e cont r ol  and hence l ess di l ut i on.   The 
mi ni ng met hod i n gener al  wi l l  af f ect  how sel ect i ve t he oper at i on 
can be.  
 
What  exact l y i s di l ut i on?  Thi s t er m i s a conveni ent  expl anat i on 
f or  a host  of  compl ex r el at i onshi ps gi v i ng r i se t o t he obser ved 
phenomena.  
 
2.0 THE CAUSES 
 
2.1 Bias 
 
The f i r st  and most  obvi ous cause f or  concer n i s  bi as i n t he 
sampl i ng pr ogr am.   For  i nst ance i n cer t ai n cases bl ast  hol e 
sampl i ng may consi st ent l y under  or  over est i mat e t he act ual  gr ade 
of  an or ebody.   A t hor ough i nvest i gat i on ear l y on dur i ng 
f easi bi l i t y st udi es i nvol vi ng anal ysi s of  di f f er ent  s i ze 
f r act i ons,  r epl i cat es and sampl e masses woul d det er mi ne whet her  
bi as i s l i kel y.   A common pr obl em ar ea i s wher e coar se gol d or  
smal l  scal e st r uct ur es exi st .   The most  accur at e r epr esent at i on 
her e i s gi ven by sampl e masses l ar ge enough t o i ncor por at e such 
st r uct ur es.   I f  sampl e masses ar e t oo smal l  t he t endency wi l l  be 
t owar ds negat i ve bi as,  gi v i ng t he opposi t e of  di l ut i on,  t hat  i s 
consi st ent l y hi gher  gr ades when mi ned.   Anot her  pr obl em of t en 
encount er ed i s consi st ent  bi as i n t he opposi t e di r ect i on.   Bl ast  
hol es can gi ve a hi gher  gr ade t han act ual .   Thi s exagger at es t he 
ef f ect  of  di l ut i on.   Sampl i ng bi as i s pr obabl y t he most  di f f i cul t  
er r or  t o measur e and cer t ai nl y war r ant s car ef ul  consi der at i on 
dur i ng an ear l y st age of  mi ni ng.  
 
Fi gur e 1 i l l ust r at es t he di f f i cul t y i n at t empt i ng t o r econci l e 
gr ade cont r ol  r esul t s f r om bl ast  hol e sampl i ng wi t h expl or at i on 
 



  

 
   

An i l l ust r at i on of  t he ef f ect  of  sampl i ng bi as.   Kr i ged bl ast  hol e gr ades ar e 
consi st ent l y hi gher  t han kr i ged dr i l l  hol e pr edi ct ed gr ades.   The t wo est i mat es
cannot  be r econci l ed.  

Figure 1 



pr edi ct i ons f r om dr i l l hol e sampl i ng.    Al t hough t he Fe gr ade vs 
Fe cut of f  cur ves ar e si mi l ar  i n shape bl ocks pr edi ct ed f r om bl ast  
hol e gr ades ar e consi st ent l y hi gher  t han bl ocks pr edi ct ed f r om 
dr i l l hol e pr edi ct ed gr ades.   Ther e exi st s an over al l  bi as.   The 
t wo est i mat es cannot  be r econci l ed.   A deci si on must  be made t o 
cor r ect  one set  of  sampl i ng.  
 
2.2 Regression Effect 
 
Di l ut i on i s al so par t i al l y expl ai ned by t he so- cal l ed r egr essi on 
ef f ect .   Thi s i s  t he r el at i onshi p obser ved empi r i cal l y dur i ng 
many year s of  mi ni ng wher eby i n l ow gr ade ar eas sampl i ng 
under est i mat es act ual  gr ades mi ned and i n hi gh gr ades ar eas i t  
over est i mat es head gr ade.   Thi s  i s  due t o t he f act  t hat  t he 
mi ni ng bl ocks have a di f f er ent  di s t r i but i on of  aver age gr ades 
compar ed wi t h t he di st r i but i on of  sampl e gr ades.   Thus when a 
cut of f  i s set  on sampl e gr ades a di f f er ent  ef f ect i ve cut of f  i s 
i mposed on act ual  bl ock gr ades.  Fi gur e 2 i l l ust r at es t he el l i pse 
cont ai ni ng t he scat t er  of  poi nt s f ound when act ual  bl ock gr ades 
ar e pl ot t ed agai nst  sampl e gr ades.   Ther e i s a r egr essi on 
r el at i onshi p bet ween act ual  and est i mat ed gr ades whi ch i s not  a 
1: 1 r el at i onshi p.   A gi ven cut of f  appl i ed t o sampl es cor r esponds 
t o a di f f er ent  ef f ect i ve pr oduct i on cut of f  on bl ock gr ades.   The 
act ual  gr ade and t onnes above cut of f  depend on t he di st r i but i on 
of  bl ock gr ades and t he r egr essi on r el at i onshi p bet ween t r ue 
bl ock gr ades and obser ved sampl e gr ades.  
 
2.3 Variance-area Relationship 
 
Thi s l eads t o concer n about  t he si ze and shape of  t he sampl es 
compar ed wi t h t he bl ocks bei ng mi ned.   Obvi ousl y t her e i s mor e 
var i abi l i t y bet ween sampl e gr ades t han bet ween mi ni ng bl ock 
gr ades.   Lar ge bl ocks wi l l  t end t o be l ess var i abl e t han smal l  
bl ocks.   Less sel ect i v i t y can be pr act i ced on l ar ge bl ocks and 
hence t her e i s mor e di l ut i on.   I f  t he cut of f  gr ade i s  bel ow t he 
mean gr ade bl ocks have mor e t onnes at  l ower  aver age gr ade t han 
sampl es ( Fi gur e 3) .   The opposi t e i s t r ue i f  t he cut of f  gr ade i s 
hi gher  t han t he mean gr ade.   Thi s i s t he var i ance- ar ea 
r el at i onshi p and i t  expl ai ns t he degr ee of  t he r egr essi on ef f ect .   
Fi gur e 4 i l l ust r at es t he di st r i but i on of  sampl e gr ades compar ed 
wi t h sel ect i ve mi ni ng uni t  gr ades showi ng t he smoot hi ng or  
decr ease i n var i ance of  mi neabl e bl ocks.  
 
2.4 Nugget Effect 
 
Mi ni ng deci si ons ar e based on bl ocks est i mat ed f r om sampl e 
gr ades.   How cer t ai n can we be about  t he r epr esent at i v i t y of  
i ndi v i dual  sampl e gr ades,  assumi ng t her e i s no consi st ent  bi as?  
Sampl i ng er r or  or  “ backgr ound noi se”  can be a pr obl em.   Even 
sampl es f r om t he same l ocat i on can be var i abl e.   The i nher ent  
var i abi l i t y or  nugget  ef f ect  i s most  ser i ous wher e t her e ar e 
smal l  scal e st r uct ur es such as coar se gol d gi v i ng r i se,  say,  t o 
di f f er ences bet ween sampl es f r om t wo hal ves of  a spl i t  cor e.  
 
 
 
 
 
 



          

 
   

I l l ust r at i ng t he r egr essi on ef f ect .  The el l i pse cont ai ns t he scat t er  of  poi nt s 
f ound when act ual  bl ock gr ades ar e pl ot t ed agai nst  sampl e gr ades.  Not e t hat  
t her e i s NOT a 1: 1 r el at i onshi p.  

Fi gur e 2 
 



   

 
     

Fi gur e 3 I l l ust r at i ng how f or  t he same cut of f  gr ade bl ocks have mor e t onnes at  l ower  
gr ade t han sampl es.  



 

 
 
 
 
 

Compar i son bet ween sampl e and bl ock gr ades.  
Figure 4  Bl ock gr ades show smoot hi ng.  



3.0 THE CRITICAL PARAMETERS 
 
The par amet er s of  concer n when at t empt i ng t o r econci l e pr oduct i on 
wi t h f or ecast s t hus i ncl ude t he f ol l owi ng:  
 

 Bl ock si ze and physi cal  par amet er s 
 Cut of f  gr ade 
 Head gr ade 
 Tonnage 

 
The bl ock si ze cont r ol s t he amount  of  sel ect i v i t y possi bl e.   
Lar ger  bl ocks have mor e i nt er nal  di l ut i on.   Har d r ock mi ni ng i s 
suscept i bl e t o mor e ext er nal  or  mi ni ng di l ut i on t han sof t  r ock.  
 
Cut of f  gr ades shoul d be appl i ed t o bl ocks r at her  t han sampl es 
wher e bl ocks r epr esent  a sel ect i ve mi ni ng uni t .  
 
The head gr ade i ncor por at es bot h i nt er nal  and mi ni ng di l ut i on but  
not  mi l l  r ecover y.   Tonnage i s measur ed by wei ght omet er .  
 
4.0 THE SOLUTION 
 
One shoul d t hus pl ace a gr eat  deal  of  emphasi s on t he cal cul at i on 
of  bl ock gr ades t o mat ch t he degr ee of  sel ect i v i t y achi eved.   
Successf ul  pr edi ct i on above cut of f  depends on i ncor por at i ng al l  
t hese known i ssues i n ar r i v i ng at  a r ecover abl e gr ade and t onnage 
est i mat e.   The i ssues t o be consi der ed i n cal cul at i ng t he 
r ecover y of  sel ect i ve mi ni ng uni t s i ncl ude:  
 

-  sampl i ng met hod 
-  f r equency di st r i but i on of  gr ades 
-  cont i nui t y of  mi ner al i sat i on 
-  mi ni ng met hod 
-  i nt er pol at i on met hod 

 
4.1 Frequency Distribution 
 
The f r equency di s t r i but i on of  gr ades i s i mpor t ant  t o consi der .   
For  exampl e one shoul d check f or  nor mal i t y or  l og nor mal i t y and 
f or  mi xed popul at i ons.  Ever y ef f or t  shoul d be made t o separ at e 
geol ogi cal  domai ns i n cases of  bi modal  gr ade di st r i but i on.   I f  
dat a i s not  nor mal l y di st r i but ed appr opr i at e st eps shoul d be 
t aken t o account  f or  devi at i on f r om nor mal i t y.   Fi gur e 5 pr esent s 
l og- pr obabi l i t y pl ot s f or  a si ngl e l ognor mal  di st r i but i on and f or  
t wo mi xed l ognor mal  di st r i but i ons.   Fi gur e 6 gi ves a bi modal  
hi st ogr am of  Si O2% der i ved f r om a mi xt ur e of  banded i r on 
f or mat i on and goet hi t e.  
 
4.2 Continuity of Mineralisation 
 
Geol ogi cal  cont i nui t y can be quant i f i ed usi ng semi var i ogr am 
anal ysi s.   Thi s  def i nes not  onl y  t he over al l  var i abi l i t y but  al so 
t he r ange of  i nf l uence i n gi ven di r ect i ons and t he nugget  ef f ect .   
Fi gur e 7 i s a semi var i ogr am pl ot  showi ng t hat  at  smal l  di st ances 
sampl es ar e cor r el at ed.   The r ange of  i nf l uence i s 12 m.   Beyond 
12 m t her e i s  once mor e an i ncr ease i n cor r el at i on ( decr ease i n 
semi var i ogr am val ue)  i l l ust r at i ng a hol e ef f ect .   Thi s 
semi var i ogr am i s t ypi cal  of  t he cont i nui t y f ound i n a di r ect i on 
 



 
 
Figure 5A  Log- pr obabi l i t y pl ot  i l l ust r at i ng l ognor mal  

di st r i but i on of  Au ( g/ t )  
 
 
 
 

 
 

Figure 5B  Log- pr obabi l i t y pl ot  i l l ust r at i ng a mi xt ur e 
of  t wo near  l ognor mal  popul at i ons of  Au ( g/ t )  

 
 
 
 



        

 
    

Figure 7 Acr oss st r i ke semi var i ogr am i l l ust r at i ng hol e ef f ect  
 



   

 

Figure 6 Hi st ogr am of  bi modal  di st r i but i on 
 



per pendi cul ar  t o st r i ke.   The nugget  ef f ect  i s t he degr ee of  
i nher ent  sampl i ng er r or .  
 
Geol ogi cal  cont i nui t y has a di r ect  bear i ng on t he magni t ude of  
t he var i ance- ar ea ef f ect  f or  a gi ven bl ock si ze and mi ni ng 
met hod.   The or ebody st r uct ur e,  har dness of  t he r ock and si ze of  
oper at i ng equi pment ,  t oget her  wi t h t he over al l  scal e of  oper at i on 
al l  i nf l uence t he si ze of  t he sel ect i ve mi ni ng uni t .  
 
4.3 Interpolation Method 
 
The i nt er pol at i on met hod needs t o t ake account  of  t hi s i nt er woven 
compl exi t y of  r el at i onshi ps.   Est i mat i on can be i mpr oved by 
r educi ng t he var i ance of  est i mat i on hence r educi ng t he r egr essi on 
ef f ect .   Economi c cut of f s shoul d be pl aced on sel ect i ve mi ni ng 
uni t s,  not  sampl e gr ades.   Appr opr i at e smoot hi ng t echni ques such 
as i nver se di st ance wei ght i ng,  or  pr ef er abl y kr i gi ng,  can assi st  
i n cr eat i ng a bl ock model  f or  whi ch gr ade/ t onnage r el at i onshi ps 
mor e r eal i st i cal l y pr edi ct  act ual  pr oduct i on.  
 
5.0 RECONCILIATION 
 
Many r econci l i at i on anomal i es ar e r eadi l y expl ai ned by t he 
var i ance- ar ea r el at i onshi p and t he r egr essi on ef f ect .   Pr oduct i on 
gr ades and t onnages def i ned as pol ygonal  est i mat es ar e accur at el y 
pr edi ct ed at  a 1 g/ t  cut of f  i n f i gur e 8. 1.   At  a 1. 5 g/ t  cut of f  
t he devi at i on f r om pr oduct i on i s mar ked.   I n bot h si t uat i ons t he 
kr i ged bl ocks accur at el y r ef l ect  t he t onnes and gr ade pr oduced.   
However  t her e i s a mar ked di f f er ence bet ween t he cut of f  set  on 
bl ast  hol es and t he ef f ect i ve pr oduct i on cut of f  on bl ocks.   A 1 
g/ t  bl ast  hol e cut of f  equat es her e t o a 1. 67 g/ t  bl ock cut of f  and 
a 1. 5 g/ t  bl ast  hol e cut of f  t o a 1. 8 g/ t  bl ock cut of f .   I n bot h 
cases t he cut of f  on bl ast  hol es r epr esent s a much hi gher  cut of f  
on sel ect i ve mi ni ng uni t s.   I t  makes economi c sense t o l ower  t he 
bl ock cut of f  hence expandi ng t he r eser ve consi der abl y i n t hi s 
exampl e.  
 
Fi gur e 9 r ei nf or ces t he gr ade/ cut of f  r el at i onshi p by compar i ng 
t he gr ade/ t onnage r el at i onshi p f or  sel ect i ve mi ni ng est i mat es 
wi t h t hat  of  bul k mi ni ng bl ocks.   Sel ect i ve mi ni ng above 0. 5 g/ t  
achi eves si mi l ar  t onnes and gr ade t o bul k mi ni ng above 0. 7 g/ t .  
 
The cl assi f i cat i on of  or e and wast e i s sensi t i ve t o whet her  t he 
cut of f  gr ade i s based on sampl e gr ades or  on t r ue bl ock gr ades.   
Fi gur e 10 i l l ust r at es how t r ue wast e bl ocks can be cl assi f i ed as 
or e on t he basi s  of  sampl e gr ades and how t r ue or e bl ocks can be 
di scar ded as wast e.   Thi s i s because of  t he r egr essi on ef f ect .   
I n or der  t o mi ni mi se t he ar eas of  er r or  t he est i mat i on of  bl ocks 
needs t o be i mpr oved,  l eadi ng t o a t i ght eni ng up of  t he var i ance 
of  est i mat i on as i l l ust r at ed i n Fi gur e 11 and hence t o l ess 
pot ent i al  mi scl assi f i cat i on.  
 
I n concl usi on i t  shoul d be emphasi sed t hat  gr ade cont r ol  can be 
car ef ul l y moni t or ed and r eser ves can be opt i mi sed by appl yi ng 
car ef ul  consi der at i on t o t he f act or s descr i bed.  An under st andi ng 
of  t he gr ade/ cut of f  eni gma and t he r ol e of  bl ock var i abi l i t y can 
go f ar  t owar ds assi st i ng i n t he cal cul at i on of  r ecover abl e 
r eser ves and i n r econci l i ng var i ous est i mat es wi t h pr oduct i on 
r ecor ds.  



 

 
 

Figure 8.1 Cl ose r econci l i at i on bet ween bl ast  hol e 
del i neat ed bl ocks >1. 0 g/ t  compar ed wi t h 
smoot hed bl ocks >1. 67 g/ t .   Good 
r econci l i at i on bet ween kr i ged bl ocks 
>1. 67 g/ t  and pr oduct i on 

 
 

 
 

Figure 8.2 Poor  r econci l i at i on bet ween bl ast  hol e 
del i neat ed bl ocks >1. 5 g/ t  and 
pr oduct i on.  Good r econci l i at i on of  
kr i ged bl ocks >1. 8 g/ t  wi t h pr oduct i on.  

 



        

 
    

Figure 9 Gr ade t onnage r el at i onshi p f or  Bul k and Sel ect i ve Mi ni ng Uni t s 



             

 
      

FIGURE 10 ORE/WASTE CLASSIFICATION 
 



       

 
   

FIGURE 11 EFFECTS OF IMPROVED ESTIMATION 
 


