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Abstract

This paperdescribes the application @pproximate methods tmvert airborne magnetic data as wels
helicopterborne frequency domain electromagnetic data in order to retaeyaint model of magnetic
susceptibility and electrical resistivity. The study area locategleimnan province dfan consistsof an are
shaped porphyry andesitovered by sedimentary units whichay havepotential of mineral occurrences
especially porphyry coppeBased on previous studjeshich assumea homogenous ha#fpaceearth model
two approximate methodsvolving the Siemon anthe Mundry approachgsare usedn this studyto generatea
resistivitydepth image of underground geologically plausible porphymnit derived from airborne
electromagnetic datd@he 3D visualization of the 1vertedresistivity models along all flight lines provisla
resistive geological unit which corresponds to the desired porphyry andesieduce uncertainty arising from
single geophysical model, i,ghe resistivity model acquired from the frequency domain electromagnetic data, a
fastimplementable approadbr 3D inversion of magnetic datalledthe Lanczos bidiagonalization method is
alsoappliedto the large scalairborne magnetic daia orderto constructa 3D distributionmodel of magnetic
susceptibility by which the obtained modetonsequentlyconfirms the extension ofan arcshaped porphyry
andesiteat depth. The susceptibleesistive porphyry andesitmodel provided by integrated geophysical data
indicatesa thicker structure than whistshown on the geological map whéatendsdown atdepth.As a result
consideringsimultaneous interpretation of airborne magnetic and frequency doahaitromagneticdata
certainly yield lower uncertainty ithe modeling of andesite urdgts a potential source of copper occurrences

Keywords: Electromagneticand Magnetic data, Approximate inversionElectrical resistivity, Magnetic
susceptibility, Porphyrygopperunit.

1. Introduction

Electromagnetic (EM) methods amdvantageout distribution of an areanderthe FEM prospectcan
investigaé the electrical resistivityvariation for be displayed by apparent resistivityaps atsingle
anomaly mappingin variety of fields especially frequencies. The vertical resistivity distribution is
mineraloil and waterexploration The calculation alsoexplored by analysing the EM fields belonging
of apparentelectrical resistivity is accustomed as to all surveyedfrequencies. The results can be
the first step of evaluating frequency domain displayed as sounding curyet depth information

electromagnetic (FEM) datd.he lateral resistivity
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is available,or as resistivitydepth crosssections
[1].

Many mathematical techniques have been
developed to interpret thehelicopter borne
electromagnetic(HEM) data in order to acquire
depth images that present resistivity distribution
along geological sections. All efhich fall into two
categories comprising of (1) the direct
transformation of observed EM data based on a
model of halfspace (e.g. [1-10]), and (2) the
inversion of EM data assuming a mtblyered
earth model by iterative methods to satisfynalti-
constraintobjective cost functiorin optimization
problem(e.g.[11-22]).

In this study we work orboth airborne FEM data
along with magnetic dateonducted over thKalat-
e-Reshm area near Semnan proviédran. The
main focus ison the interpretation of the resistivity
models from 1D direct inversion dhe FEM data
by two straightforward methodsonsisting ofthe
Mundry and the Siemompproacheswvhich have
been previously developedand applied in many
researchesand also airborne agnetic data to
generate anagneticsusceptibility model. Handling
airborne data for the sake of large dataset is a
problem when an inverse method is applied.
Therefore, we have applied a novel method (i.e., the
Lanczos bidiagonalization) féheinversionof large
scale magnetic data which has been previously
published by authors in the case of ground based
magnetic prospect.Running time of airborne
magnetic data inverse modeling significantly
decreases by using thenczosmethod[23]. Joint
interpretationof FEM and magnetic dateeduces
the uncertainty arising frormodeling of a single
geophysical dataset tonage a desired geological
unit. To reduce such ambiguous interpretation,
integrated geophysical dagse currently underway.
Using sinultaneous interpretation of airborne
magnetic andFEM data certainlyyields lower
uncertainty in geophysical exploration.

The main focus of previous studies in this area was
on the FEM data that progleexistence of an afc
shaped porphyry andesitgaving high resistivity
property This resistivegeological structure was
also confirmed by grounbased electrical resistivity
data. The previously processed airborne magnetic
data in the Kalae-Reshm areawere in well
agreement with the real location of thedasite unit
[24-26]. Since magnetic susceptibility model can
play an important role in mineral exploration
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especially in the cases of investigatipgrphyry
type deposits, we haveconstructed the 3D
distribution of magnetic susceptibility in the desired
area to compare it with thesistivity structure The
obtained results show that the joint models of
magnetic susceptibility anelectricalresistivity are

in good agreement with the aghaped andesite in
the study area, and both models confirm that the
structure goes down at depth. Another pairtich
should be noted is thatf high resolution images
derivedfrom airborneFEM data at surface or shall
depths The FEM data arenot properfor detecting
extension of geological structures at greater depths.
So, retrieving a model of magnetic susceptibility
simultaneously can be impressive in this case study
to interpret a plausible porphyry unit in mineral
occurrencegxploration The resolution of magnetic
data to image deeper structures is higher than
airborneFEM data.

2. Methodology

Among various types of airborne EM methods,
HEM is the onein which the transmitting and
measuring system (bird) is towed at a sufficiently
large distance below the helicopter and is kept at
about 3040 m aboveprospectedground surface.
This configuration is capable enough to survey and
acquire high quality data within a short time for a
vast regionof interest [10]. Commonly, several
geophysical methods are used simultaneously in an
airborne survey. A typical helicoptéorne
geophysical system operated by the German Federal
Institute for Geosciences and Natural Resources
(BGR) is shown in Figre 1. It includes geopysical
sensors that collect fiviegequency electromagnetic,
magnetic, and gammay spectrometry data, as
well as altimeters and positioning systd#s, 29.

In what follows, we describe the forward
formulation of a multiayered earth model when a
horizantal coplanar (HC) configuration in the HEM
survey is used.The formulation of approximate
direct inversion of such EM data is also explained
concisely to be applied on synthetic and real FEM
data.
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Figure 1. BGRMsgebpbysidaldapt e r k yer given by

acquisition system: Electromagnetic, magnetic, GPS k =(iws ym m 2 e, )]ﬁ (6)
and | aser altimeter sensors ( . CAbirdo, a
cigar-shaped 9 m long tube, which is kept at about and wherey, is the thickness,s is the relative
30i 40 m above prospected ground surface. The magnetic permeabilitys, is the conductivity of the
gammaray spectrometer, additional altimeters and . . . o
the navigation system are also installed into the I th layer, andg, is the dielectric permittivity of
helicopter [27, 28] free space. In practice, the reciprocal of the

conductivity, the resistivity , is commonly used.

Since we employ the quasiatic assumption, Eg.
(6) becomes

2.1 1D EM forward modeling
The EM response of a layered hsiface(Figure
2a)for dipole source excitation is given p29-31],

. 1/2
among others. If &C system is at a heigitabove k=(iws gm)m (7)
the layered haiépace, the secondary magnetic field  In the haléspace at the bottom of the electrical
Hs, normalized against the primary field, at the section,
receiving coil, is _F
HS_R . 3‘1 //2 52 hc"(l%d YL_ﬁL (8)
L Qs SP( ) expe 2 hog (1) y,is a complex function of an integral variallle
where R, Q are inphase_(real)_and_outof-phase the angular frequency nn , the magnetic
(quadrature) componentds the imaginary number, permeability /71, the resistivity 7 , and the

s is the coil separation/ is the variable of

; | g ) thicknesst of the layers. For a given model.can
integration, and), the Bessel function of the first

' ' be calculated using the recurrence relationship in
kind of order zero. The terrR(/ ) can be written as Egs. (3)(5). Then,y, can be substituted into Eq. (2)

and then into (1) to yield the responses of the
system over the modEl7].
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Figure 2. The geometry of the EM coplanar coil system over 1D earth models: a) thelayer half-space, b) the
homogenoushalf-space [reproduced from 27]

2.2 Approximate 1D inversemodeling of EM data

At each frequency, the two components of the
secondary magnetic field®R and Q, and the sensor
height h are measured. A resistivifepth cross
section can be obtained if the apparent resistivity is
displayed for each measured frequy f versus a
specific depth, the centroid depth{f) (Figure 2b).

In summary, Mundryj4] used the followingset of
equationsfor each frequency to plot a resistivity
depthcrosssection

Q
e=% ©
o = 5 (10
F o = M (11)

where € is the phase ratio Here the resistivity

Lu.corresponds to the centroid depff,,for the

frequencyf.
Over a homogeneous halpace earth model, the
calculated sensor height or apparent distamge,
shown in Figre 2b, equaldo the measured sensor
heighth. For an inhomogeneous layered Fsdace,
however, the apparent resistivity is

r

an
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approximation to the true resistivity of the ground.
In this case, the measured sensor helglg not
necessarilyequal to the calculated sensor heibht

The difference between the calculated and the
measured sensor height is called the apparent depth

31,

d,=D, -h (12)
Considering the #phase and quadrature

components, amplitude A= R +Q ), and the

phase ratio€ , the apparent resistivity and its
corresponding depth are calculated by a set of
curves shown in Fige 3 that illustrate logarithmic
variation of transformed amplituda¥: = A3/ g

(where g= s/ h) or log(€) versuslog(d) (where

d:ﬂ, and p = /2_r is the skin depth The
p w g

apparent resistivity is obtained using the following
relation,
ol 2w
_ah awg
! sim _665, @
¢ 2

& (13)
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The apparent distand®,is also calculated from the
following relation,

D, = s( A/ A)m

A resistivity-depth image can be obtained from
ro,..and a modified centroid depth by Sien001

Si

[1] as follows,

(14)

*

z (15)

Sim

:da+9
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Figure 3 shows a-8tep way to acquire a resistivity
depth image using Siemon method[1l]. The

procedure of obtaining resistivigepth data is as:
(1) Calculating a phase ratidrom observed data at
each frequencyf, (2) Determining corresponded

log(d) to obtain / g and finally (3) finding the
related amplitude in order to obtai, for
calculatingZg.
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Figure 3. The curves presenﬂog(e) and Iog(A“3) as a function of Iog(o’) , where d = B , his the sensor

height, andp is the «in depth (reproduced from [1]).

3. Application to synthetic data

Two synthetic 1D EM data which corrupted by 1%
random Gaussian noise shown in g 4 are
considered to evaluate the capability of the two
aforementioned methods in order to plot a
resistvity-depth sound of an earth model. The
responseof nonsusceptible {;=1) modelswere

calculated in 15 frequencies within the rargj€el0

Hz to 256 KHz for aHC system with 8 mcoil
separation and a sensor height of 30rre forward
Eq. (1) has been solved approximately by
Guptasarma and Singh 19082 digital linear filter
for Hankel J, transform.The obtained result along
depth applying both the Mundry and the Siemon
methods are shown in kige 4. Here both
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embedded layers in comparison with the
backgroundesistivity areapproximatelyrecovered.

As shown thefirst layer in Figure 4a in comparison
with the similarone of the second synthetic model
in Figure 4b is conductive or has lower resistivity.
Whenthe first layers are conductive, the electrical
current diffuses in the shallower layers so it may not
easily penetrate in the deeper ones. Therefore,
electrical imaging of deeper layers may be a
problem in such cases in comparison with resistive
overburden.This rule a bit affected recovering
resistive embedded layer in Figure 4a.
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Figure 4. The results of synthetic 1D EM data inversion by the Mundry and the Siemamethods: a) a higher
resistive embedded layer, and b) a lower resistive embedded layer in comparison wittetbackground resistivity

model.

In addition to 1D earth model,2D synthetic model
shown in Figire 5b consisting of a fodiayer model

in which its upper layer contains a 2D conductive
body of 50 Ohm.m with dimension of 100 ¥n 20

m is consideredo applythe methods. Such a 2D
model was also used in the many research svork
related toHEM data inversior{10, 20] The third
layer and the upper 2D body within the model are
represented as a deep and shallow conductor,
respectively locating above a resistive basement of
1000 Ohm.m The synthetic HEM data sets
(response of nonsuscetible 2D model) were
calculated with a step size of 5 msing the
improved GuptasarmandSingh1997forward code
(Figure 5a). The computedomponents corrupted
by 3% random Gaussian noiseare for a five
frequency 887, 1820, 8225, 41550, and 133200 Hz)
HC HEM system at a sensor altitude lof= 30 m
and a coil separation ofr@ [10].

The approximate 1D inverse modeling was applied
along the 2D synthetic model and then the
constructed models were stitched together to give
the 2D resistivitydepth imags, displayed in
Figures5c and d for both methods. The recovered
models approximately show smooth variation of
resistivity in shallow depth while resistive basement
could not be recovered properly. Using lower
frequencies componentan be useful to recover
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deeper variation in this case. Twdirect inversion
methods areartially able to detect the depth and
the resistivity of the top layer (with resistivity of
200 Ohm.m) and also to locate the embedded 2D
conductive body correctly. The boundary of high
conductive layer at depth 50 m is not also sharp to
be easily distinguishedising such approximate
methods

Here, we have used approximate inversion methods
for FEM data, i.e. the direct methods. Inverse
modeling of such data needs more frequencies to
obtain higher resolution models. Since we hawe
five-frequency dataset for each data point along
profile x, we acquireonly five resistivity-depth
points, so it does not produae high resolution
image along depth. The acquired results are
completely related tthe number of frequencies and
the structure of the embedded layers at cross
sections. The only way that we may improve the
outpus is the application ofiterative methods to
retrieve a model with higher accuracy in inverse
modeling. Since iterative meth®donsider multi
layered earth model under each observed [iaitz,

the resolution will increase by this assumption.
Iterative methods in inverse modeling of frequency
domain EM data are a bit tirdnsuming to be

applying.
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Figure 5. Inversion of a 2D EM crosssection along a 400 m profile: a) the observed components of five frequencies,
b) Four-layer resistivity model containing a 2D conductive body of 50 Ohm.rm the top layer and a very conductive
10-m-layer at the depth of 50 m, c) the result of the Mundry method, djhe result of the Siemon method

4. Background geology

The study area called KalatReshm is locatedh
Semnan provincéo the east of Tehran, capitty

of Iran (Figure 6). The main purpose of this
prospectis to explore new sulphide mineralization
especiallyporphyrycopper. There are two porphyry
copper depositavhich are located to the west and
the northeast of theonductedairborne surveyver
the area. The oldest rocks e areainclude the
Precambrian metamorphic rocks with outcrops in
the eastern part of the area and are composed of
gneiss, amphibolites, andmicaschist. The
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geological studies in thearea reval that the
volcanic rocks are mainly andesite, basalt, ryolite
and dacite that contain layers of sandstone, siltstone
and conglomerates.

There is an arc like outcrop in the survey area which
is composedof andesitic porphyry. Erosion has
ruined some partef this arc andsome other parts
are covered by alluvium. Right at the north of the
arc there is another feature including green to buff
marl, conglomeratesandstone, shale and tuff. Both
structures belong to Tertiary. In the northeast of the
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area, an &ivium channel includinguff, sandstone,
conglomerate, schist, mighist, andesitidasaltic
lava, ultrabasic rocks and marble crosses
metavolcanic structures dPaleozoic period. All
these alluviums accumulate as highel piedmont
and alluvial fans wer the arc and continue to the
south of the arcThe dominantpart of the area is

Turk

pArAZSDRAGIEY ©1994 MAGELLAN Geographix™Santa Batbara, CA (800) 929-4MAP|
. Keyavate  TUPKmMenistan mam’muf

Ashkhabad
<

Caspian
Sea

- Astara
ofumiyeh ®Tabriz
® " lake

Rasht > Mary
Ch

S Urmia
P 1 ®Mahabad | ’ = e
o Inbil 1\ Zafjan
o Kekuk ang a .1» Qazvin Mae’lud
f

@Tehran
i Ham.ndan Dasht- ir
Bakhtarans o " [Gsalt des Kavir-a
7. . ®Arak ak
< Baghdad Zagros t

Maumsmg LEsfahan

+Emamshahr

245|0°°

covered by a mixture includingandstone, tuff,
conglomerate, andesitic and volcanic rocks as well
as shale and marlHere we work on a trapezeid
shaped area shown on theotpgical map with dash
line, which has been covered by an airborne
magnetic andFEM surveyundersupervision othe
Geological Survey of Iran (GS]22].

247I000 249I000 251 .000 253.°°°

" ®shahr-e Kord

\ s
L\rag N[\
St 9 Y ®Ahvaz o
2 4 -~ Dash
Basas Lharamenane 8Yasu~ —lF AN
Umm Qasrg NP @
Kuwait T | Kerman
Kuwait @ 3 Shhec
I ol
Persian
Saudi Gulf Bandar-e ‘Abb:
Bandaro =
/= Glenen
Arabia ' oManama o
| Hofut /. Qatar .
Banfain  oDoha Dubayy Jazk
% U.A.E.
oRiyadh Al - S Abu Dhabi

3908000

3908000

245000

247000 249000 251000 253000

:1 Alluvium channel deposites N
- Ci ic rocks and > S
- White to blue dacitic crystal tuff and tuff breccia W y ) E
- Porphyrytic andesite - % g ;
- Green to buff marl, conglomerate, sandstone, shale and tuff S

high level piedmont and alluvial fan
- lava, lava with related tuff, red to dark brown volcanic breccias

Fault

A Copper mine
r--
I - — a StudyArea

Figure 6. The Geology map of the Kalate-Reshmarea with location of the stidy area (reproduced from [22])

5. Realdatainversion

The Geological Survey of Iran (GSI) conducted an
airborne survey over the KalatReshm area in
2003 (Figure 7) The line spacing is 200 m and the
flight height varies between 30 and 60 m. The data
acquisition sampling distance along flight lines is
nearly 4 m. GSI uses a DIGHEM data acquisition
system for the HEM measurement with a bird that
measuredHC configuratons components for three
frequencies including75, 4920 and 33,000 Hz. The
distance between all the coil pairs is 6.4 m. For the
sake ofinversion datawere sampleat everysix
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stations meaning that the sampling interval is
approximately 2 m. The totalmagnetic field data
are also measured using aaesium magnetometer
which is attached to the bird-he observed~EM
components along flight lines for tree frequencies
are shown in Figre 8. The low frequency
components of 875 Hz, which scans deeper ledfels
the ground surface, significantly located the trace of
this geological unit (Figures 8a and 8mdeed, i
confirms the occurrence of the desired geological
unit at depth.
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Applying two approximate 1Ddirect inversion this background consists of some sedimentary units,
methods generates similar resistive geological it causs a conductie backgroundin comparison
structurein accordance withhe desired arshaped with the resistiveandesiteunit which is the aim of
porphyry andesite shown on the geological map. prospect. The recovered models shothat the
The two recovered modeldrom 1D inverse porphyry andesite extendtown atdepth andmay
modeling of FEM dataisualized in 3D are shown have potential of mineral occurrences related to

in Figure 9. Based on the geological map shown in  porphyry type sourcesthis geologcally plausible
Figure 6, the andesite unit is embedded in the high model of the porphyry andesite needs to be drilled
level piedmont and alluvial fan as well in a by some exploratory boreholes to evaluate its
background with shale, sandstone and tuff. Since capability for mineral occurrense

(a)

(b)
Figure 9. 3D visualization of 1D approximate inversion of HC data: a) the Mundry model, b) the Siemon model. Both
recovered models prove the existence of a resistive unit which corresponds to the-ahaped porphyry andesite
shown onthe geological map in Figure 6
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