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Abstract

Postmineralization activities may cause fidifilties in the process of ommodeling in porphyry deposits.
Sungun NW Iran,is one of the porphyry copper depositswhich dyke intrusionshave mad@re modeling
more complicatethan expectedAmongdifferent kinds of dyks two typeswere chosen ahthe cmsequent
geostatistical analysagere applied onin this study simple directional variogramsereused forextracting
relevant informationfrom dyke systemson which the Sequential Indicator Simulati®mwere applied
consequentlyOne hundred reiations were produced on the simulation ge@hsidering the anisotropy
characteristicsand Etype maphas beenprovided averaging all realizationMoreover, a binary state
between dyke and neaiyke environments was produced putting threshold on itypdgrid node valueto
discriminate the ore from barren dykedole-effect models were fitted to thempirical variograms
perpendicular to the dykstrike Dimensional mformation waselicited from these models arde results
werecompared with the previsly carried ougeologicalinvestigations, anfinally a goodnumericalmatch
wasfound between these two sources of information

Keywords: Dyke System, Variogram, Holeffect, DirectionalFeatures SIS ,DimensionalFeatures.

1. Introduction

Postminerdization phenomenasually makethe
modeling of geological phenomena a difficult
procedure This difficulty reaches its extremity in
porphyry depositsmining when several barren
dykes haveintruded into ore deposit during
several phases They are often conplicated
structurally which cannot be modeled absand
call for vast knowledggeology dense data and a
skilled expert to adopthe relevant methods a
logical order

Dykesare sometimebarren and their proportion
is notlow enough to be overlooke&urthermore,

in any porphyry deposit, dykesauseproblem in
mining operations when they bear the potential to
deteriorate the driller bit. One of the other
important aspects of modeling dykes is the
application of this model in the process of mining
drainage. Such models can lbbtainedthrough
simulation realizations since we deal with a global
problem.

Geostatisticshas opened a new era in the way
through which one model the geological
phenomenafar better than previous methods
which were generally baed on the layer cake
models[1]. One of themost importantsteps of
carrying out a geostatistical study structural
analysis[2].

Structural analysistries to reflect the spatial
variability of the regional variablg8]. One of the
possble uses of indiator variograms applied by
Dubois to build ecological indicators to
characterize and summarize spdgmporal
changes in the land cover on an annual bd$is
Therehave been some walbne investigationm
the field of remote sensing]. Woodcocla used
variograms as #ool to identify models of ground
scenedhroughspatial variation irremote sensing
images. Jones and Ma related the gegichl
characteristics of lithological bodies to
experimental indicator variograms in a
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comprehensive study in which the helfect
models were thenain toolof that study[6]. Also,
they introduced the use of several multiplicative
composite variogram naels to model holeffect
experimental variograms.

Sungun porphyry caeer deposit North-Western
Iran, is studied wherelyke intrusions have caused
a lot of problemsfor mine engineersStructural
aralysis is used as a powerful taghichto model
dykesd main direction and dimensional featuse
Based orthese features some models are provided
and at the end the periodic nature of dykes in this
deposit are investigated in more details.

2. Methodology

The model of alternating lithologies described by
Jones ad Ma is a realistic modelwhich can be
found in operating mines and reservoirs
abundantly{6]. Such dissimilaritiesneasurexan
be usedfor further nodeling steps, and confining
variogram with the bounds dazimuth and dip
would deliver useful informatimm on the spatial
continuity of the phenomenon under stuiy
certain directions filOmnidirect o n aariagram
calculation which camot be consideredas an
average of the various directional variograms
doesnot meanthatthe samespatial continuitycan
be found n all directiors. The direction of
maximum spatial continuity and the direction of
minimum spatial continuithave been sought in
every geostatistical research projedtmaaks and
Srivastava also mentioned the directional
tolerance by which one cacalcubte the main
axes of anisotropj].

In this study,at first an overview of Sungun
porphyry ®©pper depositis presented and the
regional variable under study is illustratathd
further geostatistical investigations are provided
in detait

3. Studyarea

Sungun porphyry copper deposit is located in
Northwestern Iran (Azarbaijan province). Field
observations and petrographic studies demonstrate
that emplacement of the Sungun stock took place
in several intrusive pulses, each with associated
hydrothermébactivity [8].

3.1 Generalgeologial settings
The host rock in Sungun deposit is a
diorite/granodiorite to qué& monzonite stock

[9,10]. The Sungun porphyyyccur as stocks and
rarely in dykes and are series of cadtkaline
igneous rocks with a typad porphyritic texture
[8]. Calagari detectedofir series of crossutting
dykes varying in composition from quartz
monzodiorite to  gmaodiorite  those are
investigated in this researdhl]. The deposits
sampled by a network of vertical, horizontal and
dipping boreholes with a regular density; on
average each squart00m?3 100mcontains one
borehole (SeeFigurel).

3.1.1. Dyke system

The dykes strike NNWSSE, dip steeply to the
west and have thickness from a few centimeters to
several tea of meters (Sekigurel).

What is important and problematic is that the
dykes appear to have acted as a barrier to
hydrothermal and supergenesnrichment and
conseqguently sometimes dilute the mills f¢&2].
Table 1 shows the descriptive statistics ai C
grade in different rock units including dykes
(DK1a, DK1b), and clearly, dykes are generally
nortmineralized and is not worthy for the
processing operations

Among 41520 samples taken from Sunge@367
samples belong to Sungun Porphyries (70.7%),
7990 Samples belong to DK1a (19.2%) aAd63
samples belong to DK1b&c (10.1%). There are
different kinds of dyke in Sungun amorand
DK1 is the most prevalent type which is mainly
composed of Quartz Diorite to Quartz Monzonite.
Three main types of dyke can berided from
DK1 known as DK1a, DK1b and DKl1c, each of
which has its own features [13] as follows: a)
DKla: This is the most prevalent type of dyke of
type DK1. Those samples belong to DK1la have
been exposed t@a weak and medium to high
degree of phyllic adiration. b) DK1b&c: On the
other hand, samples show that DK1b is intruded
before DKla and has very weak phyllic and
propylitic alterations.
mineralization, and the amount of pyrite is very
low. Besides, DK1c samples are in very weak
propylitic alteration and sometimes they are
intruded into the DK1b dykes. Figure 2 is a photo
taken from a dyke that is highlighted by sub
vertical lines, and that bears distinct color helping
geologists and miners to identify them
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Figure 1. Dyke seies are shown on a plan, and the selected area for this study is highlighted by orange Ilj&8]
(left) and Drill hole location plot, regular holesat the middle of area are drilledin the detailed exploration

(right) .

Table 1. Cu concentration statistial parameters in lithology units.
Rocktype Mean (%) Median (%) Std. Deviation (%)

DK1la 0.076 0.013 0.19
DK1b 0.084 0.01 0.24
DK1c 0.039 0.01 0.14

SP 0.534 0.456 0.46

Figure 2. The change in color refers to dyke intrusion in Sungun Porphyry (northar 2300m bench, NW view)

4. Results anddiscussion

Further in this study, the processing steps done on length ofL=2m. As DK1a and DK1b ar¢he two

the data are discussed: main types of dyke in Sungun. The primary
dataset is divided into two sets in each of which

4.1.Variography one of DK1a or DK1b (that itself includes DK1b,

Among grade and rocktype variables, an indicator DK3 and DKlc) is 1 otherwise 0. The

state between dyke (DKla and DK1b) and-non  variography stage carried out on the datasets.

dyke environment & been focused on. The These variograms include 22.5 degrees spaced

support of the variable is the core samples with

3
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azimuthal and dip directions that sums up to 66
variograms considering one vertical and
omnidirectional variogram.

Primarily, the omndirectional variogram was
drawnfor DK1la indicator datashown inFigure
3a. Hereafter exceptfor hole-effect modelsall of
the variogams fitted to experimental variograms
are carried outusing Schwanghart code that
performs a least squares fit warious theoretical
variograms to an experimental, isotropic
variogram [14]. All variograms are fitted by a
Spherical modellsaaksand Srivastavaxplains
why omnidirectionalvariogram can be ufd for
a geostatistical study[7]. At first, further
directional calculations suchs the lag distance
and incremenvalues can be optimizetoreover,
this variogram is useful when one péaio know
how theoverall structure of the data,idecause
the directional variograms magresent erratic
structure, andhereforehard to interpret. A trial
and error procedure was followed taw the
most robust variogram structure that is shown

n
DK1a Omni-directional
0.2 T T T T T
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Figure 3. A discontinuity at0-nugget effectg(h)

does not seem to tend to zero when Ofor this
variogram and this meansghat the regionalized
variable is generally not continuous and is thus
very irregulari Geol ogi c al noi seo
a range shorter than the smallest ifteint
distance and measunent or positioning errors all
can be the reasofor this phenomenon3]. A
linear behaviorof the regionalized variable can be
seen on the lags near the origin that means dykes
are continuous, at least piecewise, but being no
longer differentiable.

Omnidirectional variogram for DK1b is drawn
and shown inFigure 3b where a strong spatial
structure can be seen. Almost the same characters
cannot be found for DK1b in terms of the
dominant geometric anisotropy as the variation of
sill and range does not diffea lot, but the
behavior of omnidirectional variogram near the
origin is the same as DK1a.

DK1-b Omni-directional
02 : ; ; . |

018+
0.16 -
014 -

012+

I
0 50 100 150 200 250 300 350 400 450 500
lag distance h

(b)

Figure 3. DK1a omnidirectional variogram, g = 0.0707 +0.0542 x Sph(8(left) and omnidirectional variogram of
DK1b g =0.0501+0.0307 x Sph(112.Z (right).

Figure 4a shows the vertical and horizontal
variograms introducing very structured variogram
for vertical and variogram with more erratic
features for horizontal direction. The regular
fluctuation of the latter case is due to the
relationship betweethe number of pairs and the
semivariance. That is, more pairs for some lag
distances coincide with more drill hole data
samples and consequently higher variance values.

Drill hole are generally spaced in 50 meters and
the period of fluctuation on variogramarc be
related to this distance. The variogram in the
direction perpendicular and parallel to DKla
strike and dip are drawn and held on (Figure 4b).
For almost all lags the variance depicted by the
variogram perpendicular to dyke direction is
higher tharthat of theother one.
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Figure 4. Variograms in horizontal and vertical directions (left) and perpendicular and parallel to the dykes

Moreover, since the dykes strike in certain and 4.2. Hole effect modeling

dominant direction, the variograms perpendicular The presence of one or more bumps on the
and par#el to this strike may present more and  variogram corresponding to an equivalent number
less variances respectively. This relation can be of hdes on the covariance is the definition made
used for identifying the orientation feature of the by Chilés and Delfiner for Holeffect, or it can be
dykes. defined as a senviariogram g(h)that display a
Considering the fact that variograms can have holeeffect when its growth is not monotonic [15].
larger continuities in the direction of strike of In Sungun, the same cotidh is found as the
dyke, lessvariance and less nugget effect, the dyke occurrence is Comp|ete|y a periodic
anisotropy directiongvereobtained for DK1a and geological phenomenon. In this way, when the
DK1b and their features are broughtin Table 2. Variogram model of this dyke is drawn’ it is

predictable to see hokffect model.

Table 2. Anisotropy ellipsoid and the variogram characteristicsof DK1a and DK1b.

DKla Azimuth Dip Range Variogram Model
1 315 67.5 180 g=0.078 +0.047 Sph (18C
2 135 225 78 9=0.06 +0.06 Sph (78
3 45 0 54 g=0.13 Hole (61,210)Dampening =21
Sill 0.0542 Nugget 0.0707
DK1b Azimuth Dip Range Variogram Model
1 337.5 67.5 224 g=0.03 +0.01 Sph (128) 8.018 Sph (22
2 157.5 225 100 9=0.02 +0.03 Sph (100
3 67.5 0 68 9=0.08 Hole (75,230)Pampening =23
Sill 0.0307 Nugget 0.0501
. . . . . . (h) Without Dampening
In simple words, the direction in which the dyke is
laid, there should be no or less strong teftect Sy
because it does not encounter any dyke when it N N 7 e
searches for pairs. On the contrathe most J NS U G
strong holeeffect model can be found lag distance (h)

perpendicular to the plane of the dyke.

Variograms with holeffect can be divided into With Dampening

two main groups of without dareping and ® |, d

dampened modelg16], and in the following 2,

section the two mentioned states are illustrated in AR A N
Figure5. VAR VAR

lag distance (h)

Figure 5. Parameters associated with the holeffect
model.
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The main features of these two variograms are
labeled onFigure 5 which are #, dampening
distanceandrangg but the holesdect is usually
dampened. This is caused by irregularities in
feature intervals and by the superposition of other
continuity structures. Dampening is achieved by
multiplying the covariance function by an
exponential covariance that acts as a dampening
function and finally will be in the form of

Equationl:
césu

1)
g range

a

g:SiII e d

The additional parametet is the lag distance at
which 95% of the holedect oscillation is
dampened named aseffective range[17].
should benoted that hereafter d@figures in which
hole-effects are modeled having at axis in

: 3 p
radian scale, to compute tlmes# ) value.
range

4.2.1. Fitting a hole-effect model

An attempt is made to fit the best possibledel
with a holeeffect to the directional experimental
semivariogramof DK1a and DK1b. The cosine
model must be restricted to one dimension. This
can be accomplished by setting the range
parametergax, ay, az}o very large values in all
directions except for the direction of the hole
edect structurg18]. Also, Journel and Huijbregts
(1978) referred to the case when one wants to
specify a particularly strong directional hole
effect, and mentioned that a positive definite hole
effect model inonly one dimension must be used,
like a cosine model.

As the nested structure of thbole-edect exist
only in one direction, and the nested structure is
limited to 1-D space, this makes the variogram
dependent on only one component of 8ie lag
vector, h. Pyrcz andDeutsch discussethat this

i mitation i S not
experimental hol@dect structures are onIy
observed in one direction, like here since the-ole
effect is seen only on the plane perpenidictio

Hole effect model-DK1a

;{%‘_ *EWQ:@E{

. 1 L I L 1 . L
1 2 3 4 5 B 7 g 9
lag distance h in radian

Figure 6. Hole-effect modeland its wavelength
fitted to the experimental variogram perpendicular
for DK1a
g =0.13xHole(61, 210), Dampening = 2., units of

range and dampening are in meter

On the first place, the wavelength of this hole
effect model is calculated in two ways: from the
holeeffect  theoretical and  experimental
variogram. As it is showim Figure 6 i A i3 the
distance tothefirst peak( 0.5/ ) which means that
the wavelength isl12 meters[17]. Moreover,
from the theoretical variogram it is about 61
metersandi B0 val ue woul d be
Jones and Ma discusseazhe can use thplateau
V, (See Figure § in the quadratic equation
V =p(l -p) to obtain (Egation 2):

min(p,1- p) = e ‘4(1 ) 2

wherep and1-p are the proportions of two facies
(DK1a and NorDK1la). As in the variogram in
Figure 6,consideringv value equal$o 0.13thep
value could be computed P, ,, =0.153€ and

consequentlyPs=1-0.1536=0.8564.

It should be noted th&P refers to the noibK1a
environment due to the name of Sungun
Porphyry is labeled 18P, so it can contain other
kind of rock types. These values are the exact
values drawn from the primary drill halelata,
0.15and 0.85 for SP andDK1a resp ectlvel)é P}U
Iehn v%lffle 011 DK1a thickness tan be"cdmputed
too since we have theavelengthvalue of 122
and them,+ g, = /B2

Where m is the mean value afachfacies. Now

the dyk[@es pl ane
First of a-flectwabikddeled ssindr o | /|3,,, can be calculated as follows,
a cosine model and considering an exponential ;= =p 3/ 183 1@

component to dampen the variogram shown in
Figure 6 As can be seen, the first peiskfitted

well; however, there is not such wsell-fitted
variogram to the experimental variogram
thereafter. (The variogram model equation is

provided below thé&igures).

The apparent rangg* cannow be obtained from
the variogram irFigure 6that is abou6.236rad
(300m) and considering the wavelgth of 122
and referring to the plot (Sddgure 7 provided

by Jones and Ma one can obtain the point of
apparent convergence to plateau, normalized to
wavelength that is abo@.23 It should be noted
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that in this plot we used theolid circles as they
represent low or high facies fractions.

BIN

-4

IR IETR Y B SRV
°

03
(©a+ ap)/Qn + 1s)

*

Figure 7. Crossplot of hl_ (point of apparent

convergence to plateau, normalized to wavelength)
vs. (sp+ )/ ( Am+ g p. Open circles efer to

moderate facies fractions(0.3¢ p 20.7) and solid

circles refer to low or high facies fractions
(Reprinted from Jones and Ma)

Sspt s _( o3
M+ Paa
Where sqp+ S, Is the total variatio of

thickness of the lithologic bodiesn@ in this way
nonnormalized total variation(Sgp + Syp,) IS

28.06. The holeeffect model for DK1b is shown

in Figure 8 and as can be seen just the first peak
and tough arefitted well and the rest of
experimental variogram does not follow the
theoretical variogram wellThe same procedure
was followed for DK1b and using the parameters
in Figure § the same information is calculated,
but just the results are prided in this part:

All of the information on the dimensional features
of DK1b is presented ifiable 3.

Hale-effact model-DK1h

Iﬁg |
F%Fﬂ;\m 1
‘@ EE\?EE

3 4 5 5 7 B El
Iag distance h in radian

Figure 8. Hole-effect model fitted to the
experimental variogram perpendicular for DK1a
(left) g ©.02 8:07 Sph(38.19
g 9.08 Plole(75,230).Dampening =2:and the
parameters used for getting the dimensional

features of DK1b (right).

Table 3. Information calculated from dykes' hole-effect model

Factor Wavelength V (Sill) P(Proportion) m{Mean) (Sspt+ Sok1)
DKla 122m 0.13 0.1536 18m 28.06
DK1b 150m 0.08 0.087 13.15m 345

Geological information gathered through the past
exploration and modeling phases are provided in
Table 4 and it is clearly obvious that the results

from holeeffect models arelase to what the
geologists have reached to over time.

Table 4. Information on dykes from geological prospecting for DK1g13].

Geobody Proportion Width Orientation
DKla 19% min 1.29 Azth 323
mean 26.76 Dip 74.7
DK1b 7.4 % min 1.71 Azth 8
mean 17.23 Dip 69.1
Max 86.69

The dykes under study have been investigated
geologically during the previously done projects,
and the summary of this information is provided
in Table 4 where the proportion, width and
orientation features are presented lhoth dykes.

In a comparison between what is calculated from
the holeeffect models and directional variograms,
and the geological data, a reasonable match can be
found. At first, the proportion of dyke which is
calculated from holeffect models are 15 &nd 8

% for DK1a and DK1b respectively, those are 19
% and 7.4 % for the DKla and DKltoom
geological investigations Moreover, the mean
value of dyke thickness is calculated from hole
effect model is 18 and 13.15 meters for DK1a and
DK1b respectively, ashthe same parameters from
geological investigations are 26.76 and 17.23
meters. Having the apparent (geological data) and
real thickness (holeffect models) of dykethis
difference can be justified. This can be found for
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orientation features for dykesié@ except for the
azimuth of DK1b other azimuth and dips are
closely calculated from directional variograms.
Having donevariography Sequential Indicator
Simulation (SIS) is usedto model the dykesA
very shortreview of SIS is provided as follows

4.3. Sequential Indicator Simulation

The limitations of Indicator Kriging moved
geostatisticians at Stanford Center for Reservoir
Forecasting (SCRF) forward to overcome inherent
limitations that culminated in geostatistical
simulations, Sequential Gaussian irfulation
(SGS) and Sequentiahdicator Simulation (SIS).
The basis upon which these limitans have been
obviated is thdact thatsimulation approach takes
into account not only the spatial variation of
observed data at sampled locatiobst also the
variation in estimations at unsampled locations,
which kriging estimation ignorg48].

Chilés and Delfiner posed the questiomi Ho w
Many Simdations Should We Generate?
alsoreferto theobjective andhe structure of the
phenomenoron which the studys carrying out
[3]. A nonstationary field such as a petroleum
reservoiror mine domain are the cases in which
single simulation provides a single answer
because these are global problems., ithisrefore
necessary to build several simulations if wentva
to assess the range of the possible restilisy
believe that ypically one hundred simulations
may be neededOne hundred ealizations were
produced on asame grid and the-fype map was
calculated by averaging all values (csgdor
every single nodeFigure @ showsthe Etype
map for DK1ain which the dykelike structures,

in terms of anisotropies, are reproduced to some
extent.

Figure 9. E-type grid for DK1a using SISalgorithm (a) andthe binary state between dyke and nowulyke is
representedconsidering 0.5 as the threshold of probability for DK1a (b)

E-type values are changed irto indicator state
consideringthe cutoff value of 0.5 values more
than 0.5 are changed into 1 abdor the values
lower than cutoff. The final gridis shown n
Figure 9b As can be seeKla is simulated
realistically andthey bear the same features like
what isstatedn the geological context of Sungun.
The global proportion of DK1a reproduté&om
the simulaibn is 0.047 that is not equab the
proportionin the conditioning hardlata which is
0.19. This can bedue to the smoothing effect
when one averaga | |
The same procedure was followed for DK1b, and
the only difference is about the proportion of

DK1b and its anisotropy ellipsoidConsequently,
the variogram model used for the simulation of
DK1b differs. Figure 10ashows the Bype map
for DK1b in which the higher values of
probability are colored in red colors.

The same indicator state is prepared for DK1b. As
it is shown in Figue 10h the dyke structures are
reproduced well and in the areas with more
proportions of DK1b on hard datthicker dykes
are simulated.

Finally, all of simulation outputs are held on and

real i zat i on stey vaa beusees in one gird and view that may

ease the process afroparison (See Figure 11)

and
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(a)

0.826'

0.663

0.336'

0.173

Figure 10. (a)E-type grid for DK1b using SISand (b) the binary state between dyke and nowulyke is represented
considering 0.5 as the threshold of probability for DK1b

Figure 11. DK1a and DK1b simulation outputsin one grid (Red: DK1a, Green DK1b).

5. Conclusiors

A simplistic procedure si followed to get the
orientation features of dykes under study using
directioral variograms. These featurese aused
for modeling dykes using SIS thaereapplied on
both kinds of dykeconsidered for this study.
Realistic dykelike structures were reproduced
using 3S. Holeeffect models areiseful toolsin
getting dimensional features of periodic
phenomenon. Their applicability was proved
when the results were compared with what we
havei n t he geol ogi cal i
dykes. The only thing it needs is to identify the
main axes of anisotropgndthen draw and fit the
empirical and theoretical model3.o get more
realistic resultswhat can be done in future is to
consider thehole-effect models by which one can
reproduce the periodic geological phenomenon
like dyke systemsThe models provided for dyke
system can be used for mine planning of Sungun
where dykescauseproblems in futher mineral
processing stages.
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