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Abstract

Research and experiences have shown that the geophysical exploration of chromite, compared to many
other mineral ores, has been less confident and less successful. In Iran, many promising areas of chromite
deposits have been left unplanned due to the lack of a definitive method for exploration and exploitation,
which could cause economic prosperity for the area. In the present research, two geophysical methods,
namely “electric resistivity tomography” and “very low frequency electromagnetic”, using 9 electromagnetic
and 4 resistivity profiles, are used to identify chromite ore's geoelectric and electromagnetic properties.
Laboratory studies, including electrical resistivity measurements on the rock cores and mineralography
studies, have been conducted to evaluate the field results better. The resistivity was measured between 2800-
3600 for one chromite ore, between 5500-8600 for the other, and between 2000-2300 Q.m for a serpentinite,
which is the chromite ore host rock.

VLF-EM parameters (real magnetic field component) were obtained using different radio signals,
including 29.6 and 18.1 kHz. The map of the real component of the vertical magnetic field of VLF-EM and
the use of the Karous and Hijelt filter (1983) showed acceptable results in revealing fault zones and joints in
serpentinized ultramafic rocks. The resulting maps showed that the lower resistances are along the faults and
discontinuities in the rock, which are sometimes accompanied by chromite ore in their planes.

I applied electrical resistivity tomography with the Wenner alpha array in areas with known chromite
deposits, revealing, to some extent, that the zones with higher resistivity were related to chromite-bearing
areas. The results of the interpretation of geophysical data were, in some cases, confirmed by the excavations
and exploratory boreholes in the study areas. It can be concluded that if the required conditions are met, the
methods employed can potentially reveal hidden chromite deposits..
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1- Introduction

“Chromite” is one of the most important economic minerals in Iran. Chromite ore has been
explored and exploited for several decades in Iran. Currently, chromite is the only economic ore of
“chromium” globally. This element is widely used in metallurgical, chemical, and refractory
industries, especially in steel. Considering the large size of the global steel industry, this element is
essential in the production and trade of steel products. Chromite is mainly formed in two geological
environments: large masses of igneous rocks that are cooled slowly underground as large plutons
and the other in ophiolites. Since chromite deposits in the first type tend to form layered structures,
they are known as “Layered” or “Stratiform” deposits. Deposits in ophiolites are usually pod-
shaped or irregular and are known as “Podiform” deposits. Two other chromite deposits are “Beach
sands,” resulting from the erosion and transportation of rocks containing chromite, and the other
“Laterites,” which are the in-situ weathering products of the underlying peridotites. The last two
types form small deposits of chromite [1]. In Iran, chromite deposits are hosted in ophiolitic rocks.
The chromite deposit in Iran was discovered for the first time in 1940, one hundred kilometers NW
of Sabzevar city, in the “Joghatai” mountain range, near “Foroomad” village. About 1000 tons of
chromite was extracted annually for the first years in this area. Subsequent traditional explorations
showed that chromite has more economic reserves in nearby localities, and since then, further
chromite deposits have been explored and exploited in this mountain range. Currently, most of the
chromite ore in Iran is exported in raw (unprocessed) form to international markets and
industrialized countries. Chromite ore is mainly mined in open pits, and vast amounts of waste are
produced in mines every year, which has aroused some problems. Waste from mining operations
has become a big problem for the environment, and cutting and transporting waste material out of
mines has significantly increased mining costs. In addition, carrying the waste to the areas around
the mines has sometimes led to social tensions. As another problem, excavating the host rock
(waste) to reach the ore consumes a lot of time, causes high wear and tear on mining machinery,
and increases mining costs. Therefore, the correct identification of the location of the deposit and
the targeted excavation of ore can lead to a reduction in the amount of waste and, as a result, is a
great help to the environment and the mining economy. Using geophysical methods to locate the ore
can reduce environmental damage and increase mining operations' productivity.

Compared to the host rock (Serpentinite), chromite has higher density, lower electrical
conductivity, and lower or higher magnetic susceptibility. These features can cause the magnetic,
electrical, and gravity anomalies to be potentially appropriate for chromite exploration [2,3,4]. Due
to the relatively high density of chromite (4.6 g/cm3), gravity is the most important physical
characteristic that can distinguish chromite ore from surrounding rocks. Therefore, gravimetry is
potentially the most basic search geophysical method for chromite deposits. Still, in ophiolites, the
distribution of chromite ore is generally irregular and scattered. The ore has a relatively small
volume, so it is necessary to use other geophysical methods for its exploration.

The current study investigates the efficiency of two geophysical methods, namely: “Electrical
resistivity tomography” and “Very low frequency electromagnetic” in chromite deposits in the
North of “Foroomad.” Laboratory studies, including electrical resistivity measurements on some
cores and mineralography studies, are conducted to evaluate the field results better. In the study
area, in many cases, chromite bodies are concentrated in a certain direction, which seems to be
along the faults [5]; therefore, the structural analysis of the area is of great importance due to the
presence of joints and faults. In addition, according to the capabilities of ERT and VLF-EM
methods in determining fracture zones, the techniques can be used to determine the existence of any
relationship between fractures and chromite distribution. In this research, two geophysical methods,
ERT and VLF-EM, are used in the west of Sabzevar ophiolite for the exploration of chromite ore,
and by examining the geophysical characteristics of the ore and the serpentinized peridotites, it was
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found that the two methods can potentially be used for chromite exploration in this area.
2- Methods

Four types of studies were employed in the current research: “ERT” and “VLF-EM” as field
methods and “resistivity” and “cinematography” as laboratory studies.

Field measurement of ERT using the Wenner Alpha array was carried out along several profiles
on the benches of open pit mines 8, 12, and 13 using RESECS equipment to calculate and visualize
the subsurface distribution of electrical resistivity. To do this, the apparent resistivity is calculated
from the measured data first, then the real resistivity is estimated using the inversion method.
RESIP2DMode software [6,7] calculates forward and inverse modeling and sensitivity patterns.
Using real resistivity, geoelectric cross-sections are made and then matched with existing geological
structures. Sections of the sensitivity pattern help significantly to verify the accuracy of the
resistivity patterns in resistivity sections.

VLF-EM field method is suitable for exploring sheet-like structures with high conductivity, such
as faults. This method can be used to determine the existence of faults and fractures and indirectly
identify probable chromite bodies in fault planes. VLF-EM study was conducted along several
profiles using ABEM WADI equipment on the benches of open pit mines 8, 12, 13, and 20 to reveal
the probable faults, which was rewarding. The map of the real component of the vertical magnetic
field of VLF-EM and the use of the Karous and Hjelt filter (1983) [8] showed acceptable results in
revealing fault zones and joints in serpentinized ultramafic rocks.

Laboratory studies, including electrical resistivity measurements, were performed on some rock
cores to evaluate the field results better—an electric device measured electric resistivity in the
laboratory. The ABEM factory manufactures the device used. First, rock samples were drilled as
cores so that the samples had a regular geometric shape and the measurement accuracy would be
higher. The samples were placed in water for 24 hours before measurement. Direct electric current
is applied to the sample, and the potential difference between the two electrodes is measured. The
resistance of the sample is read from the analog needle. Then, the sample's resistivity is calculated
theoretically using a formula.

Considering the diverse lithological characteristics of ophiolites, which are generally caused by
secondary processes, knowledge of the mineralogical characteristics of rocks can greatly help
interpret the results of geophysical surveys. To determine the mineralogical content of the studied
rocks, two samples of chromitites and one sample of serpentinite (host rock) were studied by
cinematographic method.

3- Findings and Argument

As can be seen in the cross sections of electrical resistivity of mines 8, 12, and 13, the resistivity
of chromite ore is higher than the surrounding rocks (serpentinite); so, when other high resistivity
constituents are not present, the higher resistivity anomalies can be attributed the presence of
chromite in the study area (fig. 1). To interpret the electrical resistivity sections which show
anomaly, sensitivity map can be used as a guide. If anomalies are located in the low sensitivity area
in the corresponding sensitivity map, the observed anomaly may be of false origin. These anomalies
are observed due to the low sensitivity in subsurface materials.

According to field investigations, the anomalies observed in current density pseudo sections
(mines 8, 12, 13, and 20) are due to existing faults or joints (sometimes containing water). Current
research shows that it is possible to identify faults with the VLF-EM method. Identifying faults is
important because chromite bodies are distributed in the fault plane in many localities in the study
area. In some other countries, such as Tibet [9], Oman [2], Turkey [4], and America [10], VLF-EM
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and ERT studies have been conducted. Despite some complications, chromite exploration has been
successful to a large extent.

In order to know the mineralogical content of the studied rocks, two samples of chromite ore and
one sample of ore host rocks (serpentinite) were studied in the mineralography laboratory. In
chromite ore samples, it was observed that chromite is the main metallic mineral phase and
constitutes more than 90 vol% of the sample. The first sample shows a massive texture with
serpentine filling the interstices between chromite crystals. In the second sample, Chromitite has a
massive texture with a cataclastic (brecciated) overprint, which indicates fault action. Serpentine is
observed in spaces between broken pieces of chromite crystals and as a filling of the microfractures
inside the chromite crystals. Small amounts of fine sulfide particles (nickel sulfides?), <30 pum, can
be seen. In the cataclastic chromitite, there are um sized particles of hematite in chromites, probably
formed as secondary.

In the serpentinite sample, serpentine and relicts of pyroxene crystals are the main components
of the rock. Anhedral chromite crystals are observed in a small amount (size of 350um), about 0.5-
1vol%. Phases similar to hematite are observed in the microfractures of some chromite crystals. In
addition, fine particles of native copper (< 80um), fine particles of magnetite (<30pum), and pm
sized sulfide particles (pentlandite) can be seen in the sample.

The results of measuring the electrical resistivity of the samples in the laboratory showed that: a)
the resistivity of chromitite samples is higher than that of serpentinite and b) the resistivity of
chromitite has an inverse relation to the amount of serpentinite present in chromite ore. The
resistivity for massive chromite is between 2800-3600, for cataclastic one between 5500-8600, and
for the serpentinite between 2000-2300, Q.m. Measurement of resistivity for the two samples of
chromite gave different results. Studies in Tibet [9], Oman [2], and Turkey [4] have shown that the
resistivity of chromite ore is lower than the host rocks, but the study of chromite ore in the United
States [10] showed a higher resistivity for it. Therefore, in each region, knowledge of the
characteristics of chromite and surrounding rocks, such as mineralogy, texture, structure, electrical
resistivity, changeability, depth of ore, etc., can help interpret geophysical surveys.

Due to the secondary alteration processes in ophiolites, the mineralogy of chromitite and the
surrounding rocks can be different in different regions. Especially the amount of magnetite,
serpentine, PGM, sulfides, native elements, etc., may be different, and the investigated rocks can
have different magnetic, electrical, etc. characteristics in each region. Therefore, this factor
significantly impacts the success of using the geophysical methods, and it is better to use these
methods with a knowledge of this issue.

According to the above statements, it can be inferred that the geoelectric properties of chromite
ore, depending on various geological conditions, can be different from those of the surrounding
rocks. This fact makes the geophysical exploration of chromite more complicated than that of other
ores, so it is reasonable to employ different methods for chromite exploration.
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Figure 1. Current density, electric resistivity, and sensitivity cross-sections in mine 12east, bench floor Cross

sections A, B1, B2, C1, and C2 show the current density, electrical resistivity of the eastern profile, sensitivity

map of the eastern profile, electrical resistivity of the western profile, and sensitivity map of the profile of the
west, respectively. The black rectangle in the electric resistivity sections (symbol Chrm) shows the chromite zone.

4- Conclusions

This research showed that the VLF-EM and ERT methods potentially can explore chromite ore.
Still, to achieve more reliable results, other geophysical methods are necessary (e.g., gravimetry,
magnetometry, and induced polarization) to be employed. In ophiolites, according to the number of
secondary alterations, rocks can have different magnetic and electrical properties in each region;
therefore, paying attention to this factor significantly impacts success when using geophysical
methods. Knowing the geophysical characteristics of chromitite and surrounding rocks in each
region can be very effective in interpreting the geophysical data. ERT method can potentially detect
chromite ore; this ore showed higher resistivity than the host rock in the study area. The VLF-EM
method can be used to identify fault zones and help locate the chromitites bodies that may exist in
fault planes.

References

1. Papp, J. F., and Lipin, B. R., 2001; Chromium: U.S. Geological Survey Open-File Report 01—
381, 161 p.

2. Ali, M.; and Jahangir Khan, M.; 2013; Geophysical Hunt for Chromite in Ophiolite; Int. j.
econ. Environ. geol. Vol: 4(2) 22-28.

3. Mohanty W. K.; Mandal, A.; Sharma, S. P.; Gupta, S.; and Misra, S.; 2011; Integrated
geological and geophysical studies for delineation of chromite deposits: A case study from
Tangarparha, Orissa, India; Geophysics. Vol. 76, No. 5; P. B173-B185.

4. Bayrak, M.; 2002; Exploration of chrome ore in Southwestern Turkey by VLF-EM; Journal of
the Balkan Geophysical Society, Vol. 5, No 2, p. 35-46.

5. Yaghubpur, A.; Hassannejad, A. A.; 2006; The Spatial Distribution of Some Chromite Deposits
in Iran, Using Fry Analysis; Journal of Sciences, Islamic Republic of Iran, v. 17(2), p. 147-152.

6. Fallah Safari, M.; Ghanati, R.; 2022; DC Electrical Resistance Tomography Inversion; Journal
of the Earth and Space Physics, 47(4).

45



Alireza Shirzadi, Reza Ghanati Iranian Journal of Mining Engineering (IJME)

7.

10.

Ghanati, R.; Azadi, Y.; Fakhimi, R.; 2020; RESIP2DMODE: A MATLAB-Based 2D
Resistivity and Induced Polarization Forward Modeling Software; Iranian Journal of
Geophysics 13 (4), 60-78.

Karous, M.; and Hjelt, S. E.; 1983; Linear Filtering of VLF Dip-Angle Measurements;
Geophysical Prospecting 31,782-794.

Xi, X.; Yang, H.; He, L.; and Chen, R.; 2013; Chromite mapping using induced polarization
method based on spread spectrum technology. Symposium on applying Geophysics to
Engineering and Environmental Problems Proceedings, 13-19.

Wynn, J. C.; and Hasbrouck, W. P.; 1980; Geophysical studies of chromite deposits in the
Josephine ultramafic complex of Northwest California and Southwest Oregon; U.S. Geological
Survey, Open-File Report 80-936.

46



Ol oo cwddio 4yl
Iranian Journal of Mining Engineering (IJME) ///A

5O U FY o AFe¥ (il SF o )lod 14 090

DOI: 10.22034/ijme.2024.2015585.1992 Ol e (siges (yoorl
Vol 19, No 63, 2024, pp 41-65 Iranian Society of Mining Engineering
(IRSME)
gy Ao

S5 350 3131 31 03Litiuwsl by (og38) g o Cerdgmdl 5 43 ooy oS Kimasils” axdllane
VLF-EM g ERT S 548953

#Y g . \ . 5 N

ar.shirzadi@ut.ac.ir 1! o)l 05 o)l 8 olKzsls oG 58655 dumvgo Ayl ool )57 ais gl 2l .
rghanati@ut.ac.ir ;l ! o)l 5 (o)l 5 olKisls « G judg55 dmmga jboliwl .Y

VY F 8l - VERYLAIYY il

odS

ol €815 (5 S by 5 Cornlad s gitan 55 50 5 6 b sl 3 g (S5t BLEST oS el L5 ko 5 00
odds o,y el o Djgo ) (BLLIST (gl 2had Lig, 05 Jdo 4 aS 0,10 3525 Gy S plBd 5l gousie  Jore dxiiuw sboaig lpl jo
P9y 4t Sopng S Sl (lolid ol (oo (sl B nl 5 09 ol GBS el Wlgi o o (Jlezal 13 5l sl 05 9
Eroed Aol 0 by Jl (LS8 (cablising SU1 59 5 (S Sl g taglie (B 59005 (g, 99 5 (omablineg 2SIl 5 (S0 iSls5;
o5 ngtio gL, So3u] Jold lalllas ol ymo gl s i) 6l ol o ooliis] cofgunglivo & pos ¥ 5 upblitag 2SI
s VP YA (e Ceog)S aigad o sl ofugcneslin ol ouds plnil olfialejl po (BT 5lliie (sl o) g Woojie 55) 2 (S
A (6 S oslail olBislejl jo ol Y¥ e o LYoo e 0 (Cung,S 00,8 0 50 i) ol s (6l g AP = BOO- - 5 ;550 diges 5l
IS ahaio s ol Conay 3,mskS VA 5 TAF alax 3l iliseo _geoly (slo JUSioms 31 ooliciasl b VLF-EM (sl ol )y «uios ol 5o
lra i ol Coway oad (ol SG5LLH el Gla S jloeyye g S Gblie askis o 1) o9 mls VLF-EM glacols L >
5 Lo s bl o wms e ot iy by J&x b1 095 a5 S S S0l ohs clacaoslin b slaiyg; 45 ols (Lis ool Comat
30 oS o5 ginglio (81,5 g055 (g, (55,5 4 sl Corag S 3 ol e 4 095 Zglaw jo BF A el S 0095 slo (Sl
ogeaglin b slagyg) a5 555k ol Sy S (sol> sbrosgasme (gila 0T Sl 090 wiz ;0 w0l wS LS Cueg S B s bl
S50 Bblie jo (SLaasT slaasiled 5 las )l b (058955 (sloodld ol gl ol ools (aesedd Sy S (55l Bblin b o o i
&, T Eels ogals jglay Ailgs o 00 5ol sla gy 3l oslasul op3¥ ol i o ool )8 Do j0 0l 0l ( Joud LB sgu> U axllas
5 S ol 153

oS wlols

w3 ol 8 (bl g iSTN g5 ¢ S STl 0% glnglie SIS 5095 ¢ g s o gudl cuing S

> SIS s st


https://doi.org/10.22034/ijme.2024.2015585.1992
mailto:ar.shirzadi@ut.ac.ir
mailto:rghanati@ut.ac.ir
https://creativecommons.org/licenses/by/4.0/

Olpl Game (owdigee (gole & i

6oL Hlen 89 LuilS 4 oy sl (albl) Gl Sow
5 e YT dle ol s SHpiwl Crge g 0I5 oo By
S Cmbae o glulids S5 b e la sa ol
ailg oo (Some Slge disdue Sl g e 5 5 Ll
23 sl S 4zl o g laalbl e Al oS 4 e
sla g, 5l eolatwl ail 6, 0ume slaidl § Cans ;) lase 4
Ol g e slacon] Ghals 4 e (S 58535
=SS YU s 4 a5 b ogd o (y0lae (5590
oS S 58955 Ll 5l oolaul alaz I g JSliasT sla g,

el (o olai8l 5 s lae 4 (550

{ T

\
—— Caspian- -/
sea — — |

Sabzevar Ophiolite

36°39'0"N

0 i 6O

36"330°N,

“56°420"E
T

LT SEIO0E 56°480"E
T T

Camdgo alod g (gl pl (owlibime ol glausly Al - JSo
L) ol Rl G b Jlouds 50 ((Seioo 5955) g e Card gl
390 adlaio (o LSl i CoaBgo g (owliodi(rmoj 0olw alidi g (YL
S5y b [A] YU asds 3o oyl ) gacad gudl (Lol aiindis) astllao

99 30 axdllao 590 adlaio 98 CorBgo .Cawl oud oolo (L  Siwo
Cadgiy 50 45 Camwl oab 0310 ulei B g A (oo (52950
Sl y B30 L 1) yioghS # (olidio 0,1 41,8 (o K3y)

ol oul 0010 i Slio STy b o by Al 50 dogyd

A

SIS, (53l s Lb pule

doddio —

S )S Ol 50 052 g0 (golaidl ppe slaalls 51 S

g 8liaSTo s 0 joiS 0 da oo fpai> gl a S ol
S ol Jlo o el a3 )18 golazdl g,ls o o
S5 yaie (ul Cwl 09 yaie golaidl A5 LS Sy S
5315 20 plio (alierd mlio «55)lle mlie )3 (rg
Corimo (091 Sy azgi b aT 01> SYgd Lo )3 0hg @
D)l g adgs )0 ol sl ol Y98 Slgx
bae 93 ;0 odas ol dy Cueg 50,10 (60Y 58 (slres 5l
2 bl a8 )3 slaSin S5 sleosy cwlidiras;
67590 g aload 05w ey 58 (2leSle Sy il
905 50 CapagyS pld a8 Ll 5l g oo St lacdg,dl
233 Glae 4 ols glan¥ sl fSas a4 bles o
Se>g Lo Jadl 0 a5 6,18 0ad o AL €l Y
g RS plsie 4 g wilplanel b (SN IS a4 Ygans o)l
N g yS S 5l 50 £ 90 Wigh go aislis € D
sl sl w Gl sl ol « J>lu slaaulo
Sl DY gaze a5 (Lot S (6,05 5 Lvey S
) oy SzgS pld sl g9 90 Cunl Ceslacodgn
SlacKin ;o Camg,S plsd olpl yo D ass o JSas
|y ol Slacddsadl (FassTy | S5 ) sy s
Jle 59 oalsl sl ol 55 oS Sl oo ol
e redlemd §rgkS Ve )3 (gt e s e VT
dag b dibaie ;3 5 sLB (slaogS AL, 53 lyre liw gt
O 3l g, S i Voo dga > pa¥luaS ol (auS
38 aS ool lis gow LS 0s b o 2l el
095wy ol Bblie 5l ;500 (mdn )0 Cueg S (g3l
48,5 )18 )l g0 5 BLEIST 350 ey T 515 31 952
59 00 zlydwl Coeg )T odes Caod ol > yo ol
5 Hhallor syl 4 ot (5,51 ) pl 00 4 <
3 ol loadbl 0si v oo cxio sla,gls 4
Sy Barme gl (555 St d (Some Slge gl 5l
slaayje Laadbl Jo> 5 5 li> wogdle 4 g 0ol hous
5o sl 00l iolidl glataxde JLB el 4y |y (6, Cane
rin siylnn Bl o albly o o ins 3olie 51 am
Oole aSu) 4 ax g b canl ool claim ! glo ias ol 4
Wb ;2 058 o gl il jlg) &j90 @ baee Sy S
G 095 o0 adgi alae (nl )o aAlbly (6b 5 Jlews prolie



Olnl Hore (owdiee (oole & S

slaial L 0gS atd, cpl .l 00l (6,1050 bz sloogS
3 g S VAL dgu > Jo b a (oo - Bt LB
Sl 00 @8ly g Gl o Jlod 53 5 Glnl 375 et
30 9 Jeg,8 Gliwgy (SHo3 50 dllas o0 dilaie () K)
03gate Ay g yiwd 3,10 1B lias 5l 6 gl S £ D alold
Ol 38 Jlomd )3 o Sdo (595l 5 lgrem Sl gl

axfllao 040 adlaio ‘;wl.».wu.w) -y-y

Sl by o0 5l slisz (slmog S ard,
3 a5 el € lg s ugildD 5l onile sl 4 s sla S
L ((S95S5 (slog o 5150 (s o) (rand 4l S
AL L ool ! ommolicds o 50 w0gS ay opl L8] ol ous
el oy (Bo3ly ;0 09 oo bl lg i codg 8D
oS Sl gldl jlonle (glr @y angy 5 YL 4l @
IV] aSloslys pls ccdgudl s ls 1,8 Lavo 8 45 0350 a5
RO SEURCNERNOR S SR PE I FEGERCI JEEN oo
Sddgadl (ol Lo 5l (o (il j yiie) S
Locadgadl (oo slacion (pud (Gl o Sasl Sl 5
oo plosl Lo wgildl GS o (fls ol 156 cod loges
[A] el

15 sl sl olaSle IS Sy orng S il ol o
2° SapagyS JLadls 0l 052y Sdlol gl 0,51 (sl St
55,25 SzsS glaan¥ Ly g pwse K& & dilaie opl
1 il gz — Byl glil, o o Lol olazal
Sla e ;0 Vg ono (L ) adgl sloceng,S wilaie oyl
B oo S8l el jgaze CoS 5 )le )0 993 A5 Cudgd
Slg 2S5 0 L S eetid Sl (Ko (gd by
70 L e (uled 50 Semng)S g ol 4Bl 392
Logoe Cmjygile 5 Csgs il Sl bl slacesgun 5
(CaorogyS olre 392 g dlawly 4y ddlaie pl ailoads gl pw
Sy9—0 ddlaie 0 iieg S (slwo, Sy ewl oals bl
5 Loal adsl (5 51 JuS b lacadan (g )luny 50 canlllae
CnagsS 55 5l 6 s cdilaie ) o el 00 05T,
ol i SLasST 5 edans Slaalie ool S

] 4_.3))’ )‘)J (-';)“))'fo)'éﬂ’ )90 S u.n.\.a_> 6‘f 9 IR

4

VLF-EM g ERT S 38955 (s g S0 jluil 31 eoliiw! b (.\33):!) 319w Cadgudl O 3 )0 Cog ¥ SowilS andliae

I (Catil ) Glsee S b aglio 13 Cueg S
Srdm3s g S (SO SI pblw, 5 i S5
slonl del Lo S5y tol sl i b g 5208 bl
Sl elbe (315 9 (S S peblise slags jlnial
o 5090 YU o @ [V F] sgs o ey S CBLaSS]
(oS o Bl o p)5 F1F 0902) oy S (o> (339
Sl OF 5l Olsise & sl (Su5d (S5 et (IS
Oy bl laKi s ) Eng,S slndi g a3
Ol osilly jslay (nlpby g 0,5 oolitul (ol )
P wmen,S sladiind o sl (S b,
Logos Lacrog)S aje ladadssdl )o Lol ol (miw SIS
p3¥ 950 5l g Sl S8 e o> b g oS (plaial
ot O SLazST sl 55 (Saidsss s slais, 5l el
cd s

sy slaghs; @S () n an oSS addlas

el 2SI g5 5 (S 2SN o5 gleglie (3159l
Sy aihaie (o eg)S LSS 0 by )l LS B
Slalllas ¢ plyzeo @S e b))l Slr oraes 35100 o
= S S oimgcuglio slags s o3l ol alSiyle]
3o Sl 00 rbL?u‘ ‘;555_”)...».4 ‘_gLqu;m)).w 9 Lﬁo)'.;.n 33
2 3)l50 (Sl )O (Seg)S (Sloe,Soy canlllan 550 adlais
Slaciel jo s o Hhai 4 a5 Conl Bl 55 0T sols slacal
o3ga e ol 6, b3l Jdow 5,0l 51 s (0] 659 o S
Sl ool cenl LS sla g 9929 Jdo 4 ( Sone
loguaily an amgi L oplplas o)ls Cng S BlisS]
9 asiia 1 VLF-EM 5 ERT S, 508555 cclais,
S95 59S pariee sl O3l Olgise ( SeSs slags;
15 555 ool Cepog,S BLEIST g oSS oy b3
e VLF-EM g ERT (S5:8555 (59, 99 3k (2
Loz (Ssedess Loy 00,5 ST L s us
Ol o 45 0l ase i cdalllas 550 ddlaie il
0 40 Cung,S SiwslS BlaaST sl (g, 90 o0l 5l esdll jgla

e | 129 3590 ddlaio ‘sal.d‘)» M}o —\-Y

;) pU L Ll o e S8 50 4 lgr ol



Ol (pre (owaige oole 4y pl6

o5 gsglio (g S0l ol o (DC) poiane S,
S Gl oGhey (nl 5o el (a5 Slge (S Sl
BWB] s 9 008 35l (e 4 09,58 g0 alig 4
500 25,350 93 Ly (e LLE o S0 iU oy
P Ll 6ol ohgiuglio Glgice L £330 S0l
3,5 dloe a5 0 )90 (09 Sl | dwiin (285 L
Loy 58U g o o o Sl o gunglio (5 S oslul (s
ey S35 2 Lol 5l (il elgil po )y Jeily 5 0Lz
o ginglin olyeo slacuils  ( HgiS bz jo 0l I3
o alosl RESECS alblS iz olKiss 51 onlical b Sy 2SI
(EM) boliing 2SIl glacs yuSo3lal 55 VLF-EM g,
soliseg i8Il (slaglas Lassl 4 ey dasly olsl 2
Olame EM (sl g, 51 (g5l 5o -l 0u s oolgd Loy
Ll 5hosls j1)8 (goges axian ;o HS ol 49l pndoline
9 g Jol> il oglise 93 o 4150 g gl slaglae o5
S5 gogee amio 3 lej L) (man S ol
Ol 99 pax Jol> a5 0ol o asas ulul (pl paes o
So Gl cwl oas ol can SO 4 (goges dotan (o
St L ekl phan S semme Su w09t Ul e
gl g el (cmnblineg 5SUl (o oz Sl Jolo (lae
Olsie b 38151 (ol S yomee sl Jlade ool Bolais
ashis yo Lo oley olaiel 09l g0 4zl (0) <l aygly
plozl (omslidi e LS Ls dlatial 1 090 ¢ ons) 2 9590
Ol 508 g eyl sl dgly 1 ogdle 9o
ool sl et (TS e el b ey (S
el O S5 B ay (e S8 S s Jol L
5 i leadlge ool S A ]y pan (FaaS 5 Sl Al
VLF g, 50 oolitul 0,90 gt VY] ateli oo 35 (sogge
YO L5 10) ceal (ol 15 L onds ags nbliios Sl zlgal
59 ol bl slls VLF-EM g, VY] codl (5 ,05LS
g Sl S 9 265 ol (2o Sl &5 ol dex
el 4 (55l L g 098 os 0)lol Ja G Lags (>,
el S ol dibate 5,0 ol ol b 0,10 oui b
Sy SO as aal alilad sgmg cwlio cdiii )8 s
DS oloul pwlis ey LSl ol dgee 1) pundoline
3 S (099> b 39 Bee o5 el (nl (B9, (ol S0 e
ol o ors s 3 Sy 5l oliiul b a8 conl 3 o
5l ool Ly VLF (slo JUS s asllas (ol 45 ol gm0

SIS, (53l s Lb pule

SS9 Gl jo Sy S polre i pl jo AR o

S,ls 1,8

Mg; ‘s.wb.w‘salf -Y-v

CJipal 03lgils I (alid I e oo 5l oS
Ll FECr04 g ,S S (sog0s (oloond oS 5 el
5TV L nlp i 5 4 CraOgg FEO (539 00y0 (J9e )8 cnl 5o
ClaeS Jloanl Joa 2 L (placany S b o Zunl #A
Fe™ 5 Al s ladio 5 Fe™ (35l Mg (5 laie Logas g Con
Vgano Corsls ;3 Conog S cnlpliy [V -] 05 o Cr (S0l
s 53 S S 05 o0 CBL Canl> Jolona? oS5 L
390> O] (pgate (55 S5-Sse pskite ST (olid sl
ol G elie ;3 Ol (G 5 S e )5 FP
Jile Gloged b (ol ol el (1 S5, 5 00 ol € g
33 Cng)S Cal 0,05 (Sloged o] «asBY K, el obew &
sl e Logoe) ST slaSiw plo g lacuson
Sas ceul gla LS ondsl 51 LS ol ols 9925 (o0l
Sbioe G (oA o Sl 0 (250 L) Sk sl
Elosl 5l Lagas Crog,S il candllas 3,50 ailaie ,o [1)]

(Y US8) ol (59,5 b g 0auSTyy cslogs

Coouw digod candllao 090 ddlaio 3| CunogyS S (b diges Y S
o 3,13 (lodgi Cdly io diges g 59,5 b 51l unl
3 ool Carng 5 (5o ol 31 (59,5 202 kil s digos 33 035
S ol Olrosd (pligy GBS .0 o0 0uilgs <<J3..\§» pb

Ailoduol 3 « Koy g 1) b ol .ol ouds ( Suiily yaw (1284

S S oIl (ans g0 (Lid 1y yra il e wlidio)
o 3 B3]

slwosls ciloy Jolis ol oo slos S oslal
oreerbliieg Sl slosls 5 (oS4 Sl 03 gueglie (215 9055
S S oimginglie by, 9o il sl (I 2



Olpl Game (owdigee (gole & i

ol ol 5318 S 5 Cang)S cdigad pl jo (T JSD)
Goudlg s oy @lyd P | P Sa e day gl pol b
Yool 5 S oS sboojlail o (U sloand)gus o Jlazlay)
9 ‘_g‘o.b’_s uSl.v la rw. ol 5; w‘ o..\.bLm.A JJ[S QBJS.A.A
Lo SIS 0gb ce 0dus 0dbs > g SLwASLLS il b jieS

D392 A 5 g Sng S Loyl e 5LAS 50 Sl
SlyS 99 o0 oaaline (5 )ek SIS Sla KinSly ) oS
a5 JLool 8 an Baos goudls (59,500 5 =)

g end CBb CuegyS slajely jo g 01 8 a8 (S

o (3 33 . B yls WY (gore Cninog )5 (o g5uwg ySne il - F IS
‘535‘ P Al 35 0 3O (Chrm) Cowl 6'0093' x| ‘_,.J.w| it] CanogyS
299 -390 50 08 Likno (SPH) (yaiily jaw 3 (glaionoy 53 (SF) (nlguo
DB S0 uL».u |) 09 5o Yoo uoL».ﬂ.o PPL Cardg “:wKA“

(Caionog ) 1w pU) ¥ digod s @

U—" ).b sl 00 d.&)f Y. QJ.'.A )‘ Y c)Lo.«f: Mg;
2Ll 6 a3 g SdISBL il b Cotieg S diges
0 (0 JSn) cenl asges Lol sams LSS g g5l
9 SmgyS SLaysh e ;5 0aiSTyn jshay iged Slaiand
sbaysk Lo KSidn ) 0aiS n g 48, b a5
L (Conidsy Jlo! ) S5 slaasdlgw Y] g ,S
L8 ol Bado Coale asd 09d oo cdalin ol uilSWS,
Aoy )0 5 )0 Cdlen (g, ol - (S50 9
4) Gl (g ,Seolu 5 5y SISl ey Cuneg,S
JBol JSo a5 oy 4y (gl g9 S5 sl g ¢ Jlo
Dy oo odalie Cuwg S slaygl jo

(gl oo 1K 00) ¥ g 2 @

IS_) Cmnl o0l 4..3; (.53)“’ \'Y (P )|\~ o)La..i') Lgad

O)

VLF-EM s ERT (S jud555 5b g a0 51l 51 oolicias! b (g8 g s cadgudl 058 55 Canos S SiundlS anlllne

watlyme Slalllas 1 opdle oS alosl WADI oo
o)_ujwﬁl.a.n Uo)ji g.,\_w..b ‘5‘)_: )—‘-’ GQ&MALA)] ‘_gl.btsm)).s
J)O KW l_’ (w...a.ula)_w) UT o..\iﬁfﬁ)o S 9 w.nj;

b bl glioes laosls S 5 Gioww gl SH S
Ll 00 TS Gom glacend o as

51,59l yiono anlllan —\-¥

4S5 Lacdgdl oo (ol Siw sla Shg & az g b
S el wais s sloml an il glaailyd (51 o Lages
ool SeaS wlgi oo Lo (wlid B sla Ty
9, Q—.’.‘ )'l KLY é)rﬁy) 6Lm¢~.i'.»|o).3 )'l J..aL‘> C“L"‘ Jow-i
ag,\_vj..f).» )\) 6Lm;i._..o )‘ ‘\_’5'4’" gS.: 9 leu...a...aj)s )‘ c\.as.o.»
8,5 )8 (S5l e anlllan 990 (el o) Coinag S
! 00 oa)ﬂ SN QT s as (Y )

Chrm2

axlllan Cupr o0 dugd o o ablio ladiges -V JSCi
Signd 9 (5855 WY 3o 3 CHIML Capo S Wigad (581,55l i

Sy 0 i Guomd (@blio ()l 3 bl oo Yo yame 3l Chrm2
233 bl o0 (il o i GBS g Caog T Lo gk
yiian ChIrm2 aiges a9 Couni Chrml sladiges o comiily yuw

B

bl o0
(ws;&w ‘QU)\ & god C).w o

W PR 4_,.3; 6_9)...: \'Y OJM}‘\ o)l.o..ih u.a.u.aj;



Ol (pre (owaige oole 4y pl6

cgdaio (n] 33 Ve ame Cading 5 (o 95wy Sro Bl -0 JSb
Carilod ol ST cél b Lol 38 (Chrm) cowg,s
09 o0 0adliio 456y W jguan (g S s yels JS10 0 (HML)
g o oSl 593 . (SPL) D9 o0 o Lilun 0y’ ST 3 (yaiily
B o Ll 1y yiog ;S B+ wliiio PPL

S 33 (B WY (oo Cdanlily o (3 98uwg Yo L —F S
GBS 50 (MNM) oo (g 150 Sl — (9,50 g JLo
28 99 g0 00 Lio (PX c(pansS 9 oy Jloio ) (ks (5 348 pne
B3 o L 1y yi0g S0 B+ wlhilo PPL Coyrsg o omlSail

p=kxR
k=A/L

M)
M
daylg, ol o aS
S (S Sl Cnglie R(D)
5 yhad g Loog uSUl s alold 4 a8 sl swais oo k
D18 (K iges Job
5 00l (6 S o3Il oSws aewy 4 (R) (56 Sl Coglae
D9 o damle YU alasly 51 (P) (S 5Sl 05 geoglio
Slalgil o3 re a3l S5 S sla g - Soslail sl p
A oolaiwl Conil pw diged S g Camg,S diged g ol
olid 1) oald s slrojie § L Kw diges 5l ioles V' JS&
..Ubé‘_,’_o

oy

boysh ool dgas cnl (Lol oains a5 538 (sla I
YO- 5l 5SS slaojlasl jo (o5 Jlake 4y caeg,S €SS
AoV L0 o j0 658 e a e 4 00STy g,
sbaysh (o sla(KSin ) 50 09d o0 oaalin o>
L alie (Sl sl 55 Lo (57503 ololS 56 ang S
5 5l9alS malaw slael jo (cpl i ogdle 05l g0 cumlive Cuilen
Jlezml a) Sk 65318508 slojolb (o5 ae) 55
(arSen Ar 5l SS95) Grate e oy S (S9
59550 S5 5 (095 Ve 5l 5 SasS) coitiSa ), oyd
Sy 8L (elSul g JIol JS& 4 (Coniliy) oy
slaals Fuss,> 4 b e aalyd o 8,56 e zls Lolul s
5 Sl ol BB gSss Son 5 5 5T 295 a1 Coeg S
aalllas ;o 0S o Ol Gy S oyl (05— (JuS
aile SleS slajle oo g (s pare o Jo5A5 (B Sl e
9 Srng)S 50 dmgll Ojeo am dandly s 5 Lau—uS]
odline lawy oy SLS1 4 axdllas o0 adlaie bl pu
YL (ol Cattng)S a4 Coad Lol o s anles
Sg>gd>dx> L5 aS ol (pl 05l o zylas a5 Jlguw 5 )lo
@Bl Ol ) algs (oSl g (g yaie a5l glasle

Sasly anils 36 Kl Sl gty 5 (oSS

S 4 (st BB S5 il e DYl cnl 4 By
[VE] g ol 9 Vg iles ol e slacasls 5l Jol> gl
9 S o5 gieglio )3 e Jslye g2 adlis s
e ) cler 5 ciSe sl GlaSows s pdysls
&P 95 o> 9o Jalge (nl abox 5l iles S
oy a5 S 99l S8l g laails re (Fhg ¢ ol
4o Glos o b Gl el ljee S la S
429 b aslllas 590 GlaSin (So5d sla Sy a5 235
il gaiie Wlyicn dacKin cpl Jy 9 oS85 azio b o
95 Bl o adlllae 5 b jlas SSldenle o
o yonie Wilgi oo oo Conty aigas al8tslo)T Slalllas
o )Ll BLasST )3 (Sa 53955 S Fge laghs) (o
D9 SlasST Slles (55500 Glyee 528, Vb 2l

o ”Lo)'T 39 o5 gcmglio dwlxo 9 (g o)l Y-V
J.Q...m.n as w‘ é‘j.n ‘53‘\) dastive séJJ.'ZSJ‘ o)_sswsl.ﬂ-o

D9l g0 03ls



Olpl Game (owdigee (gole & i

Gopl) 03290 slie ip

(Sdgshes) (oS ity Vp

Grelishea) ol

(10 5) iy i s 4

() g Jsbo :L

Soge a9 ) Joor 50 baiged 6 S0l I ol b
el asg bcwload ools plas A IS jo o 81,8
Gloasses S Sl slacuglio &S ojlul jl snn] cunay
S o5 giaeglic a5 285 Al (g oo canlllae 350
oigieoglie 5 Sl Ll Cotitl p 5l Sutieg S sladiges
Ot 5® 09 9o Sarkitly e Jlade Ly Sting S (S5 Sl
S S s, s S s Eny S sl

sloaty il eas g slaer oads Sty o slacins

O sladaigin n il i SR T LY wse (gl 3l
AL bl ol sl adlil 5 528 aalsiyom (il poo
sl SLS 0929 Sl j0 aSh iy jga> i1 )0 &5 Wlgi oo
Ol 3925 1yl s ol o 4y A4S oS wile unS]

LV0] ail eaus ol

Resistivity of rock types

Chrml Chrm2 Spt
Rock type

3,000

10,000
9,000
— 8000
£
& 7000
S 600
2 5000
2 4000
=
3
(-1

2,000

1,000

0

Wdigei (S sl 032 9mglio polio (SIS alod A S
9 o)lods Curnng ) (sladigas (S yiSUl o3 9 slouoglio
Caniily g digoi g Chrm2 g Chrml ol b Y olosds CoiogyS
Agos (SO Sl 6% ginglin .awl ouls 0018 i los Spt dles L
&y o3 9cmglio Hlado .Cawl o 550 SPL sl g oy s Chrm2
o Chrm2 diged (gl ¢ ol Y840 G YA+ oo Chrml aigos
TVoo G Y¥orr o Conadily yw digod g1y g yiopdl Afes G OB

| o]

oY

VLF-EM s ERT (S jud555 5b g a0 51l 51 oolicias! b (g8 g s cadgudl 058 55 Canos S SiundlS anlllne

L=6.2 cm
D=3.7 em

L=6.7 cm
D=3.7 em
/

Chrmi

Lrdigos .axillan 8550 G 31 ouds dugd gWojre -V ST

30,8 Sl b s angd sloe jo .l ous aseiino SPL
ol s gL Gy b 58,5 sbaraiges Jab .ol ouid s0ld ¢yl
Gl 00l asio D

oigieeglie (ot (sl (B9 (S y92me SIS b,
et B alg &y 4 Cenl oKy lejl 4o lge S Sl
o as, LSy olf s 09 oo plonil S Sl 65 9enslie
BT Il S ABEM o8 5 el i o)
ool (gl sl oSy S Sl 05 9englin Cyensd (sl
Waaigod b 358 g S0 pie bbKiw 3 Il ol yigy olKiuss 5|
st ol el ooy 10 i g B e i 6 S0l
Gl A3 S AF e 1 S (S S o gaoglie luie
ol =l o celn YF Suo 4 o5 S ojlail 5l LS ladiges
S o5 S o3l log ,0 Wb diged Zolaw .04l ools 1,3
5l il b 6 puSojlusl 5l L3 alolddls g0l 5l 5wl
Ot K digad w0y gunglin (6 5:5 0310l (g 05 sad
cesbie JLail 5l Glaobsl (sl Ygons 055 0 )18 3958l 90
ol S 09l oo oolaiul ol e el 5l 095Kl g aiges
39 58U 93 Ly Jomiliy M g 00 3l ges &y pfitnne
sasilgs ST asjbie 5l dbiges Caglin .04 0 (55 05l]
Yoadal) sl oolaiwl L cdiges o gianglin o 09— oo
398 0 demlins

_Vp (@) A(m?)

~ I(mA) © L (m) ™

:Q] )0 as



Olnl Hore (owdiee (oole & S

SIS, (53l s Lb pule

T «aiges Job (aiges pU Jolds oo 1 Cowly 1 o g 3 Jgur o1 L diged oud dsloe (S0 il 05 giuoglio Jgur — ) Jgur
digoi g Chrm2 g Chrml olei b coad 37 as ¥ 9 ) o loudh Cuimng 5 (slodigad .l (S 5580 051 guoglio g jLdg (U 2 ylado cdiges alado

el 00l 0018 i Lo SPT oled b caussl pw

Sample | Length (m) | Area (m?) | Current (A) M Resistivity (ohm.m)
Div | Range (A) | mv
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