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SUMMARY

A new approach to EM forward modeling from the grain-scale to

deposit-scale is presented using a porphyry copper systdine
Generalized Effective Medium Theory of the induced poktian
(GEMTIP) effect and electromagnetic (EM) eld propagationhet-
erogenous polarizable media presented by Zhdanov (20@8)sathe
incorporation of rock-scale parameters such as minetlizand/or
uid content, matrix composition, porosity, anisotropyncathe po-
larizability of the formations. GEMTIP is used for rock-te&orward
modeling from grain-scale parameters. Empirical data frock-scale

measurements (Ostrander and Zonge, 1978) are in good agreem

with GEMTIP forward modeling output for pyrite and chalcoipy
bearing rocks. To further our understanding of IP on a lasyade,
deposit-scale modeling is conducted for a porphyry systé@nsim-
pli ed porphyry model is created for future detectabilitpdamineral
discrimination studies.

INTRODUCTION

Traditionally, electromagnetic (EM) modeling has beengidasn geo-
electrical models of geological targets (e.g., ore depasithydrocar-
bon reservoirs), which are characterized by some bulk octivily

distribution described by a real function of the spatialrdimates. It
is also usually assumed that the conductivity is time anfdémuency
independent. However, the actual conductivity of geolalgforma-
tions is de ned by the complex microscopic and macroscopieto-
geneous structures of minerals and rocks with differentopétysical
properties. This intrinsic complexity of the internal stiwre of the
rocks may result in complex values of the bulk conductivibfore-

over, this complexity may give rise to frequency and/or tidepen-
dence of the rock's conductivity, which is manifested thgilounduced
polarization (IP) effects.

In this paper we develop an approach to constructing a newrgen
tion of EM modeling software which would take into accourg true
complexity of the rocks. Our approach is based on the roclsiphy
description of the medium as a composite heterogeneouspimse
formation. We use a generalized effective medium reprasient de-
veloped by Zhdanov, 2006, to generate effective condtygtiviodels
of an ore deposit. Our new formulation of a geoelectrical ehdakes
into account the mineralization and/or uid content of tleeks and
the matrix composition, porosity, anisotropy, and polabitity of the
formations. This approach will allow us to provide a link ween the
volume content of the different minerals and the observecteimag-
netic (EM) eld data.

The new Generalized Effective Medium Theory of IP (GEMTIR)p
vides a uni ed mathematical model of the heterogeneity, tipbase
structure, and polarizability of the rocks. It takes inte@mt both
electromagnetic induction (EMI) and induced polarizatfti) effects
related to the relaxation of polarized charges in rock farona.

The development of the IP method can be traced back to thes1950

when both mining and petroleum companies were activelyitapiato
the application of this method to mineral exploration. THweygcal-
mathematical principles of the IP effect were originallyrfuulated in
pioneering works by Wait (1959) and Sheinman (1969). Howekes
method did not nd wide application in US industry until aftthe
work of Zonge and his associates at the Zonge EngineerindRend
search Organization (Zonge and Wynn, 1975) and Pelton é0@B)
at the University of Utah. Signi cant contribution to thewdopment

of the IP method was made, also, by Wait (1959, 1982), and &y th
research team at Kennecott in 1965-1977 (Nelson, 1997). IFhe
method has found wide application in mining exploration. uxber
of successful applications of the IP method in hydrocarbquiczation
were reported by Russian and American geophysicists (@mafov,
1980; Zonge, 1983; Kamenetsky, 1997; Davydycheva et akpad
well. The new Generalized Effective Medium Theory of IP (Zhdv,
2006) offers an expansion of rock properties included oveexisting
models such as the widely accepted Cole-Cole model (Col€ate]
1941).

In this paper we will consider rock formations typical for are de-
posit. A simpli ed model of a typical porphyry copper systemthe
southwestern U. S. is developed for the purpose of EM respeve-
uation. The porphyry system is modeled on both the rockesaat
the deposit-scale. A comparison between GEMTIP and therarabi
measurements conducted by Ostrander and Zonge (1978p&npee
for rocks containing disseminated sul des.

EFFECTIVE RESISTIVITY MODEL

Generalized Effective Medium Theory allows the spectréldvéor of
rock conductivity to be predicted based on its compositidthegrain-
scale. The rst step is to construct a simpli ed model of thek sim-
ilar to the example in Figure 1. This example has two minecals
tained in a matrix. While the theory holds for all grain shgpa this
paper we will use spherical grains in a matrix. Future imgatations
will allow for ellipsoidal and other grain shapes to be medelUpon
simpli cation of the rock sample a geologic assessment igdcated
for grain types, grain radii, grain eccentricity (ellipdal case), and
volume percent. Grain conductivity, the surface polariigibcoef -
cient, and the relaxation coef cient must be establishedaloymea-
surements for each phase of interest. The effective négistf the
polarized inhomogeneous medium composed of a matrix Mithes
of spherical grains is given by equation (1):
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Table 1 provides a full explanation of each parameter. Thitiadal
capabilities of GEMTIP allow for more accurate forward miaufg
and could open the door to better mineral discriminatiorutnre (Zh-
danov, 2006).

PORPHYRY SYSTEM OVERVIEW

Porphyry systems are important geologic targets for mirexplo-
ration. For this reason the development of a simpli ed pgrgtmodel
was accomplished for future tests of detectability, theaf of nearby
geologic structures, and optimal survey design. For modglurposes
a simpli ed porphyry model was constructed based on knovaiaggc
information (Titley, 1982, and Pierce, 1995) and providedeectric
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variable units name description

ref Ohm-m effective resistivity resulting effective resistivity

ro Ohm-m matrix resistivity matrix resistivity of rock being modeled

fi - grain volume fraction volume fraction of each grain type

m - grain chargeability grain chargeability of each grain type

w Hertz angular frequency angular frequency of EM signal

t second time constant time constant for each grain

- decay coef cient decay coef cient determined from empirical data
r Ohm-m grain resistivity resistivity of each grain type
meter grain radius radius of each grain type
ap %‘éﬂz surface polarizability coef cient| behavior of charges on grain surface determined from eoapidiata

Table 1: GEMTIP parameter overview.

Ty O disseminated spherical mineral
Oo O [] matrix

ﬁ o : ﬂ disseminated ellipsoidal mineral

Figure 1: Simpli ed illustration of disseminated minettion for
modeling. This gure illustrates the basic geometricaluhparame-
ters for modeling with GEMTIP including grain size, grairceatric-
ity (if using an ellipsoidal model) and matrix. It should beted that
any number of minerals could be included. Additional infatimn on
geoelectrical input parameters can be found in Table 1.

values (J. Inman, pers. commun.). This model is charaetti po-
tentially strong EM coupling as well as IP effects. The sinegl por-
phyry model, shown in Figure 2, incorporates the classiegmseen
in many porphyry deposits including supergene zones: &hdap,
enriched zone and the unweathered zones: pyrite shelicaghalte
(ore zone), and barren core of the intrusion. A normal fauals &lso
included near the deposit. With a better understandingetiposit-
scale of a porphyry system the rock-scale is investigated.

ROCK-SCALE MODELING OF PORPHYRY SYSTEM ROCKS

Rock-scale modeling is conducted for two porphyry depasiks.
Bingham chalcopyrite ore and Silver Bell pyrite/chalcafgyore. Fig-
ure 3 shows the disseminated nature of the chalcopyritegiai a
quartz monzonite (QMP) matrix for the Bingham chalcopyte.
Disseminated pyrite and chalcopyrite are present in theSBell ore.
The disseminated grains are treated as spheres for theseuspmod-
eling. A detailed listing of parameters used for forward eloty of
the Bingham and Silver Bell ore is provided in Table 2. Theaweh
ior of effective resistivity computed by GEMTIP over a braatige of
frequencies for the two ores is shown in Figure 4. The lonegdency
and greater magnitude of the pyrite containing Silver Beltédsponse
is consistent with the literature (Pelton et al, 1978).

A t of GEMTIP prestitcted data with empirical measuremenfOs-
trander and Zonge's 1978 study of chalcopyrite and pyritering
synthetic rocks with known matrix resistivities was cordc For
Ostrander and Zonge's study, rocks bearing either pyrithafcopy-
rite at speci ¢ grain sizes were constructed using a cenmaatr{x) of
known resistivity. After the construction of each rock, freguency of
the peak IP response was measured. Results from this seigiottied
as the solid squares and solid triangles in Figure 5. The ghiaging
is used to indicate the range of grain sizes for each measuteof

maximum IP response, for example the pyrite synthetic réctqul at
2.5 mm contains pyrite grains from 2 mm to 3 mm. After a quick ex
perimentation with the values of the surface polarizabitioef cient
and relaxation coef cient for each mineral type a good datien be-
tween GEMTIP and Ostrander and Zonge (1978) was establ{skeed
Figure 5). These results are exciting and encouraging dthanore
testing must be conducted. In the future, application ofkmawledge
gained on the rock scale will be important for forward maagland
inversion on the deposit scale.

DEPOSIT-SCALE MODELING OF A PORPHYRY SYSTEM

After an investigation of the rock-scale, deposit-scaledating of a
porphyry system is accomplished. The CEMI Integral Equati&)
forward modeling code IBCEM3DIP is used to conduct the fadva
modeling (Zhdanov and Lee, 2005). A synthetic 2-D dipoleotiip
survey was constructed. N spacing is 200 m along a 5000 méine ¢
tered over the ore body shown in 6. Survey frequencies 05003,
1, 4, 8, and 16 Hz were used. The clear apparent resistiviynaty
in Figure 7 shows the conductive overburden does not hidd 50e
meter deep, 80 meter thick, highly conductive enriched zdhes for-
ward model might provide an analog to the gravel buried pgmipk
of El Salvador. The nearby fault produces a slight apparesistiv-
ity anomaly in the left of Figure 7. Interestingly and foraely it
does not produce a signi cant phase anomaly as shown by &igur
This has important implications for exploration where a RSistivity
anomaly may mask an ore body making the phase response @nport
to the interpretation, indicating the importance of untierding the 1P
effect of the ore body and surrounding geology.

CONCLUSIONS AND FUTURE WORK

Recent developments in IP theory and forward modeling hpeaed
the door to further our understanding the IP effect in botheral and
petroleum exploration leading to better detection andrufisoation
capabilities. The development of GEMTIP now allows the us@n
of rock-scale parameters such as mineralization and/at agintent,
matrix composition, porosity, anisotropy, and the pokifity of the
formations. The capability to model the IP effect on rocklechas
been developed. Initial testing shows GEMTIP producing parable
results to empirical data. As with any new idea additionahpar-
isons will be necessary to test the robustness of the GEMTdéein
To further understand an important mineral exploratiogeaa sim-
plied porphyry model was created for forward modeling withe
IBCEM3DIP code. Additional study of survey design implicas
and detectability can be easily conducted with the new snpolr-
phyry model and code.
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Figure 3: Bingham chalcopyrite ore. This close up photogriéips-
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Figure 2: Simple porphyry model. Above is a simpli ed porphy
model that can be easily modeled using CEMI |IE codes. Thisemnod

incorporates the classic zones of a porphyry deposit andaaidault.

a Nabighian, 1988

Table 2: GEMTIP parameters for Bingham and Silver Bell oreleto
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Figure 4: Spectral response of Bingham and Silver Bell ores f
GEMTIP. Effective resistivity is plotted as a function oé§uency for
each rock sample.

variable Bingham Silver Bell 10
Lovp 200 Ohm-m 200 Ohm-m 8 —2—chalcopyrite GEMTIP
fehalcopyrite > 7.5 T —=—pyrite GEMTIP
Tpyrite - 7.5 5 A ®  pyrite Ostrander
w 10 2to 1P 10 2to 1P §_ 10° | A chalcopyrite Ostrander | |
%]
Cehalcopyrite 0.5 0.5 g
o
Cpyrite - 0.5 =
I chalcopyrite | 0.004 Ohm-rfA 0.004 Ohm-m g 10 |
I pyrite - 0.3 Ohm-n? S
Achalcopyrite 0.5 mm 0.5 mm %
Apyrite - 0.5 mm ag).
ao 0.85 0.68 £ 10 ]

o] 0.5 1 15 2 25 3
radius of sulfides (mm)

Figure 5: Fit of GEMTIP to empirical data. The results fromti@s-
der and Zonge (1978) are plotted as lled symbols. The gredsiy
indicates the range of disseminated sul de grain size usedéch
measurement. Results from GEMTIP are plotted using the ok
and open symbols.
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Figure 6: MATLAB porphyry forward model. The above diagram

depicts the anomalous domain, the location of the survey thre lay-
ered earth background, and the IBC body for a forward modelim

performed in MATLAB using IBCEM3DIP. The enriched zone is 80

meters thick and 150 meters deep.

Figure 7: Apparent resistivity pseudosection for 1 Hz dataonduc-
tivity anomaly surrounds the ore body in the center. In uend the
fault is seen in the right side of the psuedosection wherapiparent
resistivity is higher and creates asymmetry in the resppnsduced
by the ore body.

REFERENCES

Cole, K. S., and Cole, R. H., 1941, Dispersion and absorptiati-
electrics, J. Chem. PhyS, 343-351.

Davydycheva, S., Rykhlinsky, N., and Legeido, P., 2004, Aectical
prospecting method for oil search using induced polaoragffect:
74th Ann. Internat. Mtg., Soc. Expl. Geophys., Expandedtrsoss,
Electronic Volume.

Kamenetsky, F. M., 1997, Transient geo-electromagneti8&0S,
Moscow, 162 pp.

Figure 8: Apparent phase pseudosection for 1 Hz data. A phase

anomaly due to the ore body is symmetric about the centeuemnce
of the fault is not seen in the phase data as it does not havergysP
response.

Komarov, V. A., 1980, Electrical prospecting by inducedapization
method: Leningrad, Nedra, 391 pp.

Nabighian, M. N., 1988, Electromagnetic Methods in Appli@do-
physics, Electromagnetic methods in applied geophysitsSoc. of
Expl. Geophys., 528.

Nelson, P. H., 1997, Induced polarization research at Kenthel 965-
1977: The Leading Edgég, 29-33.

Ostrander, A. G., and Zonge, K. L., 1978, Complex ResigtiMea-
surements of Sul de-Bearing Synthetic Rocks: 48th Ann.einat.
Mtg., Soc. Expl. Geophys., Expanded Abstracts.

Pelton, W. H., Ward, J. G., Hallof, J. G., Sill, W. R., and NelsP. H.,
1978, Mineral discrimination and removeal of inductive pling with
multifrequency IP: Geophysiccd43, 588-609.

Pierce, F. W. and Bolm, J. G, eds., 1995, Porphyry Copper §iepo
of the American Cordillera: Arizona Geological Society Bég 20.

Sheinman, S. M., 1969, Contemporary physical foundatidnth®
electrical prospecting theory: Nedra, Moscow, 224 pp.

Sillitoe, R. H., 1973, The tops and bottoms of Porphyry Coipe-
posits: Econ. Geol§8, 799-815.

Titley, S. R., ed., 1982, Advances in Geology of the PorptGopper,
Southwestern North America, University of Arizona Pressgsbn,
AZ, 560 p.

Wait, J. R., 1959, The variable-frequency method, in WaR, JEd.,
Overvoltage research and geophysical applications: RengaOx-
ford.

Wait, J. R., 1982, Geo-electromagnetism: Academic Press, York,
268 pp.

Zhdanov, M. S., 2006, Generalized effective medium thedrthe
complex resistivity of multi-phase heterogeneous rock&icP Ann.
Mtg., Consortium for Electromagnetic Modeling and Inversi1-24.

Zhdanov, M. S. and Lee, S. K., 2005, Integral equation mefiood
3-D modeling of electromagnetic elds in complex structireith in-
homogeneous background conductivity: 75th Ann. Interridtg.,
Soc. Expl. Geophys., Expanded Abstracts.

Zonge, K. L., and Wynn, J. C. , 1975, Recent advances andcappli
tions in complex resistivity measurements: Geophy£i6s851-864.

Zonge, K. L., 1983, Case Histories of an Electromagnetichidetfor
Petroleum Exploration: Proprietary Data Sale, Zonge Eegging and
Research Organization, Inc.



