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INTRODUCTION 

fir..  

Geopii7stca3, + 3oatis mad► be eon4.rt as in 
p ate of pr1nc1p * of i.ztysics to jgoo dc 

ot4 , The first 3iCtive of the tiistcs  
exaratto is thi oOatMn of O1ojiC truCturs, the 
aortic rsring the o00t * of$ ci c O MU 
is 	 a b en inirsct maw. The G.easiojst  
M me$ at the ss r s surface anus in bys.ce] 
tore* E4Cb must be tntsrpr& et Inc t eras of gamey. 

 cy&tcs" moots are applicable zly it the 
d.ctab1s dift,riness In hy4es1 px pr s east* - 
e 	the 	be brorn4Zy clas$itisd imd.r tvo  

b 	major sn4 ain or.. her. .rc tour aa4or j*iyeieal  

lit gi it&tiial methods, # ieesur*ests are sad. of sna"We 
In grsvit cttraction proirn.a by r aftea Ifl a+) .ti. 

of ori*ti s end std urss* In aW,tic  method *zr* 
z a are 	r of *Flies in theearth' 0 aagneto field 

do* to gsolcie byes of &tffc 	gMs of maitiaL 
In either cusp the reaction of eolcical bodice era 
P$in.nt, .PO*n•OU. end 	 the operator can 
not c+o ro3, the depth prcisely. Irk thS other tijo jor 
methods, arnrgy is appli d to the jround for the impose 
of produein a ►mar 	r.aeti a at g o2ogio bodies„ 
to the $aim aSthods, cr$7 Is supplied by *xp1o*iiis 
ind tr v'.l Ua of r*ated 	er ect. v s arc 
*eaaiwtt1  W. j e 	ol mtbods trout to energizes 
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either IndUctively by p.ad ng 4 ti 	►,fig current in loop 
of wire or conuotivs3.y jame1m . the current by a1dng 
gaanLc contact with group L It was teraeriy b.Ljerre that 
ge4sctrto rsth vote suit&biS l for shelby exploration 
and such s hc3a wars therefore r2**ri2. use for aiM,t 
and, *n 	n sw ddb prObbs. TOUT,, however$  fern 

r•boprs s sn& r.finei techniqUes of n exprets i 
cones ly imr us+ the Aepth Cf ostUat c r,, It is fir' 
c3s3 ,, 	tiou3r1y by 8oyiet eo icsts, that sxp+ a 
do by gioølectricmethods nay be earriad out With rnassbis  
accuracy ovn to depths of 84o Aa. 

Oeosiactric expboratio con silts of exceedingly 
dived pd.nc&mss and tsc1iqss GA41 utilizes both 

1t*tioMY7 and Variable curets prodUced tither stifiCiabl,y  
or by natural presees, In one IMP at .apical **th+do 
*fl* Z!$7 Si armed g4v*nicaI3y and UUS dt ribnt 	th* 

potentialr.sultins frcb ore bodieS i# *es*arsd* In the 

resistivity met of iiich Is one of the most wi3y used 
asthods of jeoelcctrio eplortton, 4 erect Ir very 3ow  
frequency alteat ing ctErr*At$ is mt ri ed iO the 

oud by two ectrodes end the potential difference is 
*seiur.4 bsten two pis suitably chosen with r* Vic* 

to the current el 	s. The phial tiferenc, for  
unit current gents tbrau the Oki is 4 Elate of the 
electrical resistance of the 	uM between the pointS, 
The resistance is a tunoti r of the ge ric conf g aw 

tin of the electrodes and th* electrical 	is of 
Via,# *mod, broadly sping, We On distinguish two types 
soaps r ►?a'i4 , of resistivity *.asursesnts, In th. first, 
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o m as gioeiactric profiling or ppjng, the eiectroes 

ani rebIs are ,wed without cog their rs2tiTe 
Conf1*uationa. Thi gives us an tsa of the 8uflc• 
T.sriation of resistance V1 with a cez'tain depth. Zn 

the ssc0n stho, known as ge  *tric sag, the pow.► 
times of thO aloctro* r are changeL vith r.feres to . 
tsd central point called somii so . 	 pow. Zn thi* irny`, 
ther astir resistance valuss at thl w ee r.fact the 
vtice3 	t 	t 	i y muss in a g00 

Th* ty types of ,lectrc configurations which 

era most trequsntly used In resistiii y $O .mss sirr eala,. 
the bd enn r MA &chlusrger srrays.The Wenn.r conFi 
tion s used in the %ited States t C sn , and in other 

qd 
ing2ish s►king comtrtes thS $cb31M*rger c onSl 	 ion  
Is a3aO 	v y used in Ze n COw br $ and in the 
U,8,8.E. 

Inc the galvanic o d)Ogns a moth+, the 
4$bUt 	qtr rt c field. resulting f W*" 
&ed ore boa 	SOMMr, Nbile In ndWU" it 
aagnetic &*thou # the prig m y anersy jj apple m iY*Zy 
to the grot*s i and the distorttoe of 020  electromaguetic field 

are dst.ruined. 

.eet 	*sthoi* ccmstit e an Ot t tool 
in *$tratton of are bt as an& b' rstr Ures o  it 
is because Or th tAct that. the Zleetrieal p rti*s 
of rocks end uinex2Zs vary b$t tei 'Widset lts, 

I f ail► the electrical prierties of mks,, the 
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e3ctricalconductivity .IS the z et ,I*po 	t,, b aus* It 
cvttroli the Passau of for trs'a ► artificial  amm 
natursl currents, The conaot1Mty of the rock forsations, 
however, depenie csIn3y upcn the. Pc)OsIty4 rscti a 
satirstito and the conduct tvity of the tbj4 tbs2'eij  

ZZ•cticab aethois have been +Toyed sr *isf `iL 
tor the ccatio of native tal.s, u)U or* bodies and. 
other * tsbW booms mi A* tz i ion &aps,, reservoir for 
tag water and for the dst.rsUMicm of depth to bid 
rook at Eng1nserin sit**, 

Tta pr 3a , tski up an 	3.id by the author w 
to 	:cat* thi c b d n and around Vi 1*$. 8 ivnL, 
Wit, Jebalpur (LP.), Th tny*tistIoi we carried out 

by G  Geot)tysica3. eathoj nai*e3y the 33sctrtcsl rststivity 
*.thOi. The usthod was chow ue to the tact, thet+ r 
Ms good cc lUt5ondcti.vity eoapz'isic to the ~a 

ove 6uhde , 

T br and located ► th* t side atilU ► 
O XIVT~ I Teheil Jabalpur end bQm4Ll by X*ids river to 
the Vogt and Nut to the elite i sisr, The fiib3ags is 

12 "Us f'cui Jsasur * y 1tattm. "Thor area ( abo*t 
98 *are) be3.an to Sri Qiaru Pateb,. It can he reachet by 
a side mad frcii National H 10 W y X 6 nsirTthraObst. 
T i nearest railway station ii Mt* Mabel broad Gauss* 

The topography is tu]*tig ¶4th wexiai* relief of ot 
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7 ititers from the bottom of N*rii 	river, ) h of the 
terry is ancient aesiger of the U*r 	re  
ZOWGZ O' T'EE ham» IN 3RW 3 

The rocks szpoae in the 	ars Dec cfl tr) Uw 

	

?) Lata Rossi 	These ccriiat of clays 
l " 	by ftr1,sie to fin, gt&  1 l*: 1t e* The *a 

st • is I to 3 neter tbk. The tbic s of the 4Zsy b 
a 0+ 4in Na3a is about 3 eteri ant of Yarrying c03.our. 

ho UT" are exposed in the $.stsx &rt of the area ies. 

bit . To vss cub across the 0 	and t r • the 
st a, P.ca*riai rocks are aa.a iii the Xs 4* 

The send stones an claysre horiaontal to about 
Ant to the west., The vJbursn lch r bUc C 

CO OUP 0011-, ;r s t 006 aster in tbicsas and at 
isces iranker Is fo .. 

YoUo,4ng ge isc ar#e *.tbods Were acs . for desar. 
at; the 0 Y bed in the , 	, 

Resistivity surveys  
t.A4aMass* z.tho, 

It. slattvtty 	ds with Sch3barg. onfi 
ti on: were k*i at 50 static r$, thy. *Oiitings with 

	

Wenner array vat tak rz on 15 	ti *is to cheek thicien 
resistivity of 3a ra. Th. results +tit*insi with two 

COnfigurations were quit. sitinL&&, 1  th ref+ t, Only the 
S h n .rgOr any Vas used as the 	 at 
other 	s r , Tb. Yeei5EL4 v. quite Sendt±ve$ thus 
increasing  the r•l*abi3ity of the .* ob*sr.tions and 



B 
She X sult s, 

Tb eres * 4Uvided in s g'$ p&ttsrn to ter ' out 
soundings.  T C s,p Of the r.s *ho s g the 1oeatio of YftX* 
*Oun4ing points is ft tech , tj • 11 t The 	oin bstesn  
two sowding at'ttona vary tr* 30 motors to 110 *st*rsand thi 
CIWNnt e3IC:t*i $ia frciui is a to 2ti ttes sccoring to 

the topogz*y,To feci3itste dnts ; stst an of the soundings 

insttu res tivity of the tO *ti i* w a sad at Aifl*rent 
p': *s with the beof+col+ *sue Winner co f uy&t'Cn sNe3 , 
•1ctro seperstir (so 2.0 ca) • Sub cusflt to resistivity 
$care "M . 	ors&" msthia we usia in order to confiz  
the Czt sim of the cam, 

b bons, thus a t.d by urn the M#$ 
Ms, ethers vere p;' t+ Y eM 4k. regul►r ttern c contours 
' $ fo $hO 	the p essn of C y in the srea, 
Obbsi by using 	t*b.rg.r stbo were p1otti8 on Log*Log  
greph 'per  of +21,5 on so w' Most of the cis abt*l 
were shag p *.nc. of wee aysre So those field cis 
were thus ached with theoretical comes for 8c u*) r 
methc by use pia. and ful cue tch: ,ng techniques. 
thus the sspth to thterfZc,s 5* . the resistivitiss Of the 
torations were ditersined as * ons5 in the t2 

6ins the topogc'phy Was 	u2*ted end the to i 	. 
sup vu not s ue ►, thsretoie, e3ant4cna of the $a*zding 
point# were m+aaurd u*ing boon camp&#$9 	nom* 

but the ±teant Matrons Cf a. cd still Wit. The 
geosaetrie 	j O are armed revith o4ng the thLc1. 
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fut$e* and 5. * of c,'a bed* At p; es *]gctrical souvtam~ 
,r ate ru14' thSc k beA of ,how r.eistiyity Aim ii likely 
Au* to the e oece of an inct nt burrieA n&1 contain  rwmd. 

w  ~ r - qr  ~  • w 
t ~`s • 	1. 	+~•. 	L 	Yk w.w, 	.y 

The &1n to is 63VL Into 6 Vi i# *ich no 
bristy tesoribe& bed 

C1fter  pa is .bh the sl+t*ical properUs of 
earth ater**2a, in iSitch the .ff"t of aoistnr., Ai ao 
salt, teraturs an pr.uuxs etc, is studies on resistivity4 

In C 	er 3 t eo etj 	i.ottatiøs of oe2sctrtc 
'untn isdiscuses In cr to tersteni tbC basic pri t.  

p3aa and,i terprtaUon tscnius Znstra.ntatici ant fis t  
operetim is 	 cx'ibeA in Chs er ,' 31e Ch*ptCr $ pz'oc.ssir* 
of the data is disouiast an, the results p"ntst, The iork 
is mast and co met in C $*r 6, 
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The flow of current through the earth materiels 
i.e., rocks ad soils, are controlled by their electrical 
properties* the electrical properties of the earth 
materia a can be defined by the three parameters: 

(1) Eleetrice . conductivity 
(2) dieleet *ia constant, and 
3) The matt+ permeability 

Hoer the conductivity In the most Important 
property in determining the flow of current at very lour 
frequencies. 

The abilities of materials to conduct electricity 
when a voltage is applied are expressed an ' conductivities r . 
!t is the reciprocal of resistivity ihicb is defined as 
the resistance oftered,,between the opposite faces of a 
snit uniform cube. The unit to express resistivity is 
'thus o meter in M,.8. eyetm* While the unit of 
Conductivity to nthc►s per a* er. 

The electric conduction  in mi3ierils  may take p' . sae 
by electronic or ionic processes. Rocki are not formed 
of minerals alone end the electrical properties of 
a rack are not necessarily determined by the properties of 
*ineral constituents alone. All rocks at the earth 
surface are perry. Under reasonable circumstances 
these pores are pertly or completely  ftlled with eater. 
This water usually carried some salt in sol.utiob so 



that the water content of a rack has a far greater 
capacity for carr3ing current than does the solid matrix 
of the rook, unless highly conducting iiMrale are 
present*  

Me 	ss► or the flow or current involve conduction  
through the solid matrix or grains and through the ." quid 
eleetro.yto. , However solid conduction mechanism o be 
expected to be i atant in cc n e n with electrolyte 
conduction through pore water in three cases 
* In a rock containing a high percentage of ndiictirig 

minerals. 
2. In which ,f .uid present In the pore spaces- are 

completely troset. 
3. In a rook which is far enough below the surface of 

the earth where all pore spaces can be considered 
closed by overburden pressure. 
der most pock-fo ng minerals can be considered 

solid electrolytes. Electrolytic conduction Coen thus 
take place in ionic bonded cystals, But the rocs end 
other earth materials near the glace possess a reuonabl. 
good porosity#  therefore$  the conduction duction will be lettrolytic. 
Near the rah} - surface the conducti medium being an 
aqueous solution of common salts distributed in a co ,icated 
manner through the pore structure. The resistivity of 
a water bearing rock will depend on the amount of rater, 
the way in which the water is distributed in the ate. 
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As the electrical conduction thrazgb soil and rocks 
is fly electrolytio, it follows that the quantity 
of water and nature and tornt of oeit are the important 
factors in determining the resistivity. The actual  
ainourt of water present in soth is variable,# It varies. 
with weather, time of year and the nature of subsurface 
soil and depth of the permanent water table. The 
variation of sail resistivity, with the moisture content 
19 shoim in fig.2. As the moisture contents increases 
with depth, the resistivity first decreases rapidly it 
after some value (14 to 18 percent) the moisture contents, 
the rate of decreases becomes much less* 

RVMT OP TIM DmsOvvED SALT 
The conduction in most of the near surface a les 

will be electro tic, The medium or conduction th the 
solution of salts, distributed through the pore spacer 
of the rock* 

When a salt goes into ablution of water# the ems tue t 
die in the solid salt separate and these ins ore free 
to move in the solution. When an electrical field Li 

applied across an electrolytic solut1on1 mains will go 
towards the negative polo end the sons to the pooitivs 
pole.. As the ions are accelerated, a drag force starts 
acting on them# and as a result of Bch their volooity 
1e decreased. 
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This v looity vttb which It 	Is knoin as 

nobility of Tome and is measured in asters/sec., vht 
a voltage gradient of one volt/meter is applied. If a 
solution contains a high concentration of ;tone, the 
►rXtiCII of one Ion will be influenced by' e motion of 

:fie close to it, and thua reducing their nKbilit7. 
The mobilitisa of a few of the commoner ions At 2 

S dilute solutions arez 

108  mm /Sect V 
108  
108  
108  
108 
108 

14 8  
108  

108  
(after Keller, G V. ) 

When an electrical field is applied to an eleetrolte 
the amount of current which flown is found by drnitipi7ing 
the fiber of ions present by the 'etoetty with which 
the' mo e, The current flowing through 	 el.ct .lrt* 
per one volt per meter ap lied field isi 

I O AF (VIC1 +V2C2 V3C3 	#VC)  
where V and C, represent the mobility and ccmoentrist n 
of ; sw A crone sectional area through which the mat 
flaws, P the Parent ► number. 
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Thus the resistivity of water Is governed by the 

sumt of salts dissolved#  it.therefors, fbl3tovs that 
resistivity of soil which itself depends upon the water 
contents; it must be indirectly dependent on the salt 
dissolved content or water* Even a a s . amowt of salt 
dissolved in water can reduce the resistivity oosid ably. 

' 	As the different salts have different effect on the C Nol) 

resistivity and this is perhaps the reason for the 
resistivity variation of some type of soil, from one 
locality to another. 

The effect of the grain also an the resistivity 
hour 

lies in the fact thatA  o grain six* and Its dietrib do 
effects the manner , in which the r isture to held by soils 
and rocks.  The moisture Is probably bold by surface 
tension at the points of contact of grains. Also if 
grains of various also are present, the space bets 
the large grain may be filled with smeller grains tit 
reducing the porosity and hence the resistivity viii be 
reduced. The free space between the grains deeds upon 
the arrangement of the grains. 

The quantity of exchangeable ions attached to clays 
is usually expressed in texts of the weight of ions in 
miiitequive ,amts absorbed per 100 gm of clsl. Th* 
exchange capacities of some ocon clay's are: 

Ksolir ite 	3 to 15 In equIV1100 g 
Re .aysita 2 !20 5 to 10 
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HeUoycite x20 40 to 5'O 
Montniorrillonit. 80 to 110 
Illite 	10 to 40 
Vermloalto 	100 to 1 ► 
Chlorite 	10 to 40 
AH 1gits 	20 to 30 

The ruistivity of a vat er. bearing rock decreases 
with increasing water content. In fully saturated rocks, 
water content a may be+iwated with porosity. The tex.furs 
or a rock has some effect on the resistivity. hocks 
may be wed into three general categories on the 
basis of their pore geometries* In case of aedisentery 
rooks,, porosity is intergrantaar in nature*  consisting 
of the space left over after the rock gMina were compacted* 
In Ig items rooks porosity occurs in the form of Joints 
A third form of porosity ace non in .ls estones end in 
some vcLcanic rooks is Vugalgr porosity,, consisting 
of large, irregular + eyitiee formed either by solution  
or by large gas babbles, For* spaces must be inter• 
connected and flMod with water in order that a rock 
may conduct electricity. In all three types  of porosity, 
the pore volume may consist of two parts • the isomer 
voids r4iti are called  dog* 	*  and the 
„cMa  t s, t nor , Most ©t the.. 	to current 
flow Is met in the  .gpfleOtin 1Dor.s. AU the three 
types of porosity are usually present in any rock In 
varying proportions. S edthentary sandstone and xWes 
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mey have 5 to 60% fntergranular porosity. Archie+e L aw 
re ,ates roaietivity and porosity ass 

Yo 

ref is the bulk resistivity of the rock  
f W is the resistivity of the water contained in the 
pore structure 

is the fractional porosity 
a and m are €tnpricef].y determined parameters. 

Approximate values for a and m are I and 2 respectively. 
Archie's Law indicates that the ratio of 

resistivity to water resistivity should be a constant 
for a given porosity, that it should not depend upon 
the resistivity of the water in the rocs. This ratio 
is call ed the formation taotor. This ratio is lees whop 
a rout is saturated with dilute sc]ut1on than vhan the 
rook is saturated with a highly saline water. This may 
be explained by considering that the conductivity of 
the water distributed through the pore apace is usueU 
increased by two phenomenon «0 

10  Ionie*tion of clay minerals. 
2. Surface conductance. 
Clay minerals such as kao .inito, balloyatta#  

montrnorillcnite, vermiculite, illite chlorite and others 
have the property of eLtsorbing certain anions and cater 
and retaining these In an changeab1e state. The common 
exchangeab .. ions adsorbed an clay are Ca, Mg, H#Kq  It t 
*nd 39 in order of decreasing abundance 
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Rrcbie } s equitioti indicates that buik resistivity 

of a rock is proportional to the resistivity of water, 
contained in Ito The ratio of rock resistivity to 
water resistivity Is tested as the formation facto 
which is a measure of porosity 

Resistivity of water of Narmada river a i.5 teeter 

a I .tf o) .aeter 
a 	r► n Well 	O.? -meter 

Resistivity of silica sand 	: 12.% o -meter 
' sand mixed clay 	a 3.4 +—meter 
ri clay (In pit) 	~s14 " to 2.14 oh .m 

E CT OP T 	ftATUR. AND PRESSU1 

If the temperature is high Hugh to derive water 
from the *ook as steam or low enough to freeze the water 
in the pores of a rock, the resistivity will be affected 
very mach. Ties large changes in the to perature effect 
the resistivity of a water bearing rock markedly,  But 
at moderate temperatures, a change in temperate rye changes 
the conductivity of rocks only when the conductivity of 
the electrolyte chases. When there is an incresss in 
temperature the viscosity of water is decreased eM the 
mobility of the ems Increases and hence the conductivity 

rr 

also increases* , The dependence of resistivity I t (c14. 5) 
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16, 
given by the relation 

Resistivity 
	Reziettv1%.18)  

Where o( is the temperature coefficient of resistivity 
iJhicb has a roue of about ').025 per degree centigrade 
for most oieotrctes 

Keeping the gradual rise of temperature with depth 
In mind, then the temperature at a depth of 800O ft 
in sedia+utary rtes 431 be about O0  C der than  
the temperature at the surfaces  and it would meet that 
the rooks at 8Ooa ft have a resistivity ably belt of 
what would have been at the surface for the same rock. 

As resistivity is inverao3r proportional to 
temperature, that is why freezing increases the resistivity. 

Resistivity of rocks decreases With increasing 
pressure,, which to caused due to oaenpadess of mat .el 
leg above the layer. 

By the word anisotrapy of roks Va mean that 
their properties are different In different directions. 
This type of character is generally found to be associated 
with some rock formations and it is naturalto expect 
It to occur in stratified formation, This .sotrc py 
Plays an important role in all stratified formations 
and under such conditions the resistivity along the 
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bedding plane is quite different from those at right 
angles to it the anisotropic coefficient " 	"of 
a formation is defined as the ratio of the apparent 
parallel  resistivity to apparent  nor "' . resistivity* 
The value of anisotropy Is fotrnd vaz7 f = one to ten 
In bmogenaus isotropic conditions It is unity* 

Such conditions of anisotropy met in the field 
make the interpretation difficult. 

TO DEFM THE AVERAGE 3 J8IT! OF AN ASMBLAGE OF 
RELATIVELY Tom' 

The lane number of individual lsers apparent or en 
electric log can not be resolved with an of the sm'fa$s 
based electrical prospecting methods, It is necessary  

to dice a realistic 	of defining the erage 
resistivity of em ass e nblage of tbin beds. 

It has been shawl (Sobluaberger and other,#  1934 
that the average electrical properties for a fin: 	layered 
seque nce may be described 4th a cost of five paz'ssstera, 
these parameters being defined In terms of a eolutrn of 
rock one rooter square out from the sequence or l •ran' 
The coluzm consists of ai horizontal beds1  each tf its 
own charnotertsttc resistivity, and tb.tc1neas ti as 
shown in figurasro 6. 

COMMFROM A LA' FRED SEQUENCE OF ROC1 $ 

These parameters are defined by considering the 
resistance to current, flowing either vertically or 
horizontally through the col a. 

For current flowing vertically through the length  



FIGURE 6 

COLUMN FROM A LAYERED SEQUENCE OF ROCKS, USED IN 
DEFINING AVERAGE LONGITUDINAL RESISTIVITY, AVERAGE TRANSVERSE 
RESISTIVITY AND ANISOTROPY ARISING FROM LAYERING. 
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of the column, the Tramsverse Resist a 'T I q is the 
sum of the resistance met in each of the individual layers* 

Thus T 	=.  
iai 

It the bed resistiyitieaa 'ft '  d  t here 'tit 
are given in ohm meters and meters respectively l  the 
transverse resistance is expressed In o ss e 

If the t lunm Is inacroscopically un1tcxn. The  
average transverse resistivity `7tr' will be given by 

ftr ° i 4? 
where H brings the total thickness of the assemblage of 
fine lagers. For current flowing later .r through the 
co lmnn, the longitudinal red sta nce p is that of each of 
the layers considered to be connected in parallel. If 
S Is the conductance (reciprocal of the resistance) 

Ca 
ia1 

(S a Longitudinal 
conductance) 

If the oolu nca is macroscopioaUy Amiforgq  the average 
lorigtltudinal resistivit rs.'e is given by 

f * 	a  
Unless too resistivities of the individual layers 

are exactly same- the f e is smaller than ftr. This 
dependence of resistivity on the direction of current 
flaw constitutes aniaotrop3r. The coefficient of aigotropy 



for a layrired  sequence of rocko is defined as 

>\ .JTd =ir: 
Tnis an aseablage of thin layers each of which  

isotropic#  viii appear to be onisotrppie when considered  

as a niacroscopiceily uniform zediwn. This  type of 
anisotropy rdght be termed as msex 	isotroy« 

Here Individual layer might be anieotropic it the 
dtreotic of maximum conduction is pora3isl to the big 
planes, then the general anisotropy will be the product 
of the mac ro.anisotropy and the average micro 
anisot rpy. 



A 	• XLI 

tt, 



Theory of Current Ptows 

The grouM1.0 regar4ed as cndstingOfre a of 
appro$ tc y co tant reatstidt separated troz others 
of dtcrLrg ,esistictt by plans inteces. Thó inter. 
f.cu 	of gaily to b ndAwies het ie 
layers of ifC ont olactrica propels or to Cults aM 

Verc8l contacta. 

r tttr inter rotation it U necessary to under 
itand the t iou of it * t ow in Isered ae4ts and 
►O di Itr1tiOn of pot . 6 .. Zn 	4ng 4th thia the 

tt 	n$ pelnt is the 	' a 1a , I 

a 

0 Ozre,t 	*dng in the constctor 

s c*s of the condaote. 
aR*sietance of the conductor 

1;, a * ctor cariea a gent vith ptraU . lines 
of ftor over t mss sectional, ma At then its res ,stivity 
is de w as 

/a 	
14 
	 #. Is * * f( 

e R is the resistance measured ttt to eq4potenttsl. 
t 'f ac*s t3eptvsted b7 e distnco Z * 

20 



21 

Poe szaes (1) an4 ( ) i* own s 

_P3+e  ; 

,+ 

3 

t+r► 3 is the current de tt7 4ot.nO ; 	e ftov of the 
curt per  

if the Zinas or mot flow are not psraulk so 
tWit the cum q 4tr dies over tho pct the 

.+ VV b a S the U t the rndisia pot s 
exit 	axia the CxprSa1Ofl Of dent 4eneit  

sto 

She,  COX of rent psi ft a dtrecton 'r' Is 

3 	w11 

Tb. s*ative iø  has beenotuestt here toexpress  
the fact that the potenti&. 	a es in the oppotie 	eo* 
tion to tbIw etrent Aow. 	'rs potential Sr diexit In the 
direction of r is ui. mead, of xt*s Ri o 
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Thsori of current FLow Xn Boat► gun zth 

'tea 40w Of curxnt th a aedtu Is to tM thG principLe 
of c sirnUcn of fro ftnd it S*pN$*M b the r* „at,on I , 

E3Qft 

rzt acn3tty (&/) sntt 
The ego d.nitl (C 3.) 

.a 	f omt tt t ,tot stain current it reduces to $ 

d,tIrl. 0 e i $to 'Q 

Bat Ot a  y Dt a G thM 10 
1. 

or 	 ssa`3. 

r Un £sctiOptC edtta, fto Zc4oi Cunc 	of 

poiflt of Db3t 	oA aM 3 112 Lu 	nO 6bectofl 

* 	V = V 	g*d V) 0 

or 	"I!" 	'"."' "'" 	 r ,M V + `.. ."°' 8LV f.,1L V a` 0 

a 	The is a funvant&t equton at metri ct1 p 	+ t $. 4th 

pct• C * Zf t,b, uetUs iA M$ 	S, / Is 4 	t of 

the cOi*rite 

ere  eref vs it 
LVOd ' 0 O 

or 	va0 

ThU* the elSCt?iC: ".+ti3 dtstrit*aU.on 

flow ii a hoeieatu isotropic *zttiA.Y I,ap3% # i 

,qzaUn im4 potntLeL is in this cue a P*raontc £at. 
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Ciaider a point source of eurreat of strength 'P 
14 a bOM09640OUS mediU* of WIAJ 	zt.nt nd Of 

uzr*r uistivity. The equ1potsntia] surfaces in tht 
cavo i4U bOspboz'ic, aft the current Unes red.:., 
Gnsi4nc. two,  such Oquipoteatiel surfaces at distend 

apsvi YL a distanw "r" txoa the ont source of 
rent. The potentisL df4foronce moon these to  

m0fCcO5 is  !ts givan by 

ay.a r2 

29 potoatL*1 at $ ALe tanc. 1' 1C!fl ti* pout 5c*1r(a to 

r 
Vs.. 

rrj' 

At 0114 surface of a selL infinite earth this eressiofl 
for the potsn 	at % distance r viU becomess 
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Potonticlo about , Point ELoctro to -rat tho SurXaco of a 
Layorod 	-I►s 

Ito s lot us introthico sc o hotorog000i i Into `ho 
,round by biinging in a number of ho zontal Layors , each 
havingdiftoront 1r t bonogonOouz and Isotropic otootricol 
pzcportioo. flcauoo of the presonco of th000 I ayerog i 
pOtont.iot ti. U no ton zr tiavo 1p 3ric . oy aotry abet P,. 
and to rmot nor tool S ootutiono of ti7` ' = 0 uht can 
bo Io to ,aaticfy tho continuity c ndMono at a nunba 
of Itorizontat oUndarios« Such cotuttono aro four, by 
so, Para n ja Laplace' o oquction Lu tha cylindrical cooa1inat 
s7ot02 ti000 origin to at P and moo a c io to vo'ticot 
and pooitiVo In tho dovntad o ncoa Sinco oyo try uith  
rospact to tIO cooiiriatc 0 otiU oid to, 	z 

ar 	ran 
Z _o 

z=h 

Pi 0  z 7 
A point, source of Curront at the 
curfaco of a untibi Lager 

The cov1ptou3ntary solution of this oqucttoo to forio t 
fc tho ciaracteriatic tune ass of tho aoparato4 variables, 
Dy ctoocina only th000 ubidi +pro is U bobavoI ub u r.> o,, uo 
obtain fo for the cc•plozintary function s 



CO 

f [ ()+ B ()o] 3 () d 
O 

to which iiO must add tkio particular solution V(r, 	_ i J '2rrR 
which applies 4thin the 4oso vicinity of P. It no bo*rn.. 

ri.os ocist other than the surface z = 09 thou (,\) 
B (A) 0. If t ero are boundaries, then the coefficients 
A ( )) and B (A) '+ill be 4otozninot tram the boundary 

n 	one, 

To iUUatzate9 lot us csunio a ciao 	6MOCUS 
sayer whose resistivity is J cad tri000, .c ooa is Ii 
lyint on top of a uniform hs3f..spaco zco resistivity 
Is P2- (P o Ro ,7) , Per the potential in the upper medium 
'tom gay 

 
xayritcs 

C 

V a(r, of 	a 	Al 	q 	} o )i) 

,o 
0 3 ' 

In a cubstati there is no oxtornal source of currcJIt cud 
therefore the particular integral Is not required, rbroover, 
wo ro oct terms involving a HMO since the potential must 
remain finite uhon z -~► 0 . Conooqucntly, ye may unto for 
►o potes al in z >, h 

V2(r,L? 	C ( ~)oi > J0(1\ zi) d 	S>r t 
0 

To, boundary conditions icy► those solutions cult satisfy 
are the L1  $ 



a =o z 0 

Thus throo oquatioxs az4o avaiLabto to dotormino tho throo 
unIrnoi functions As B an C Ti applythose coflitionzi, 

O z3k0 use of the Lipschitz Integral identity ('XLtQon (a), 
{hater 13) 

	

cam 

	o 	J0 (1' r) a, 

Than, 	ubotituttng for V1 ant V. into thooc ozprooatons 
and abcorbing 217 I ", into the conoVntap ro 	vo at do 
foUoatnj oqum cno $ 

AB $2Q 

	

I+A) 	+'►Q 'h =Co' " 

I +A)07 	- B o  
J 

0oLvina, we Sat 

A= B= 	.. 	....~ 9 11 0 	9 

02 	 P2 PI 

and e ofo a on a 0 

0 (i'; it) 
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CO 
for* 	r,1) 	+ k r I ( 2 )+b . 1t) 0' 1 Y0( ), r) • t'> 

0 

Thii ooiution van dorivo1 ozigin1Iy by Stofanoeu, NorinUy 
'uo tako the jaor thtcknesas the unit of tontki tr iottine 

b = J rind tho ancton C']( ) ciay than be ovaluatoa nurnori. 
1i.7 f'or tvon 'altos of k, It is tear that the cnaiyoia 

+ n bo extended to any numb ax of Layora, and In fact ortcn. 
aivo tabtoc for ovaLuatina potrntiso ovor onto, tiro and 
tbxoo layers thich root conformably upon a uniform cu1~ 
stratum are avai].ablo. 

Concopt of Apparent Boiotivity s 

o Ozpxooiofl for soaiotiVity Io true unit homov 
neonc conditions of t&io onn 	in ctua1 pmct? cos otoor, 
sub.. Paco conditiono tiro not bomgCcuc ouo en~i it to oaao 
ooctxoO o r acz1ent is nor used to Who aoa x nto o 
Duch r medium tho obooxvod poton to7. difforcnco till be 

ffoxont frorn th o " measured and bomo gcno c modiva and tic 
roSotiVit7 value datorziined s .0 vary %Ath. different 
ol+auoeo a rx n omcrits. Than tie (Sot a fictitious luo of 
rooiotivity o ,1od ao "apparent ciotidty" dosiantod by 
P o. For thic non hocoa,cnoouo coo, the npparcnt 	iotivit 

y be dofinod as the ro3iativity of an oquLva3aont bio; c aoouo 
sodium In thich th  the currant "I" ul.4 produce tho pot anti . 
drop of the cowvatuo "Q, V", The importance of tbio concept 
Iloo in the fact that it provides a tieacuro of deviation from 
hOUD1CM OUo cad Lao Topic vU CO. 



For tour +Iactacdo systems, Lot warrant ontora the  
oast r. through A and leavos ttouthrough olectrodo Do the maaaux 
Ing CLOCtrndOS are 14 an 1 N, Mon potential at 1-i to gtvc by 

VI 277 AM 	BM 

44larly, the potential c t the point i4 ] l be # .v by 

V~ 

Tl ► pthe potential diff aronca: bettocn the o3.octrodov 1 cntt r1 
is I 

iv 	4 ( 	.. . 

• =271—F A l —1/Z. 	lUd i ► i 
!.s, .» 	r Pa z toz'uic foxa. ulatin6 the aaporont 

rcaiativity tar for any electrode configuration. 

.tforont Oonf u~rations and MrIvatjof of Fozmu3 a i 

By aonvcntian, oloctric4. sounding rietbods have been 
classified an "Do" methods or "AC" methods. The DC mothtd moth s for 
moaouring earth resistivity bava boci used most fiddly, 
Goner lly four to minn , arrays are used in order to minim ;o 
the offoct of material n+ tr the current D.4ctrodos. Current 

to drv+n thiYoug ana pair of electrodes,, the potential 
established in the earth by this current in c umrod with 
the second pair of alas adon • Strictly direct current is 



FIGURE 8 

DU 

M 
	

N 	 B 

a 	 a 	 a 

WENNER ARRAY 

OV 

A, 	 M~, 

b 
a 

SCHLUMBERGER ARRAY 

c e 	 b 

POLAR DIPOLE ARRAY 

ELECTRODE ARRAYS COMMONLY USED IN THE DIRECT CURRENT 
RESISTIVITY METHOD. A AND B ARE CURRENT ELECTRODES, 
M AND N ARE MEASURING ELECTRODES AND a,b and c ARE 

ARRAY SPACING FACTORS. 



not uS; , but ratLi r a lour froquoncy oquoncy altornatina CUZZOnt 
is urns no that the voltaaaa 2DvQlOped in the earth. by this 

-current can be easily roconizo1 in the presence of the 

other, ini sce 	an oous voltages (or self potentials) uhich  

arise at electrode contacts, Rouover, the frequency of 
the current is made euf.iciontly 1ov that tAo assumption 

bo mdo that tho cflov of to currentin the ertb can  
be completely deacribed by 0 solution to Laptaco' a equations. 

Tho oloctro .o man,;c cnta may be of "1 o3 fi os : (F) G ,No • $) 

i s 	Aangcmoito in tjh ch the potontici di ' `oronco 

botueen two ri4o3.y spacod uaoaouz,ing electrodes in said to 
bo 	ur'od An eiamnplo is the rcn no~►ar 7q in ubiCh four  

electrodes are equally spaced. along a otrai, t bead 

2. 	Ar nonentu in rh.cl% the Cz,adicnt of pots ntial 
(electric fie.. intensity) is said to be moacurod , using a 
closely spaced pair of measuring olact d os o An ozample is 
the Schiuzaborgor Array, in ubicb ttio closely spacod mcrnar 
.ng oloctred,es are placort clef vay bet en two curroAt 
electrodes. 

The measuring electrodes are placed closely Or dh 
tb3v that the ratio of va►ltaI3o observed botuoon them to 

thou sop 	on pproiivato1y equals the potentiol grad =t 
at the r r5A point of tAo current sproe  



3, 	Arrange is In which a second spatial derivative of the 3  
pot*tial is old to be measured using a closely spaced current 

electrode pair. An example e is the polar dipvla, array. The 

voltage measured this way is tb ,. s rxinitely eMus]. to the 

second derivate of the potentia s  titter 	has boon divided by 

the distances AB and ' , provided these distances are small 
compared  to the separation botween dipole uentr.z .. 

The 'cruet array, in which h a potertid difference to m 

measured, is one of the most commonly used electrode arrays 
for detering resistivity. Xn the Wanner array, tour electrodes 
are equally spaced along a straight sins, as shown in Fig 
The distance between any two iljaaemt electrodes id called the 

array spacing, a# The Isometric factor for the Wenrer array is$ 

K 	 a 27T s 

The Lee modification of the Wenner errs uses a third 
measuring electrode at the midpoints  0, or the ordinary Wenner 
array. A potential difference is then measured 'betwean both M 
and N and the centre electrode 0, and apparent raeiativities 
calculated ulat+ for each half of the array. The advantages of such 
a system is said to be that horizontal changes in resistivity 

a ey be recognised by comparing the apparent reeistivittes measured 
with ooh hall"` of the array. The geometric factor for cme 
half of the Lee array ie* 

r  
j1 	 L _ 

Tbe. Seblumberger array, which also is widely used in 
measuring earth resistivities, is designed to measure approximately 
the potential gradient. 
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DXrLc1 C1JflfliT RIZISVIZ SUfluEY3s 

Ca con of Arroyos 

i n7 tool iques hLwo btu used in coaoux'ine c rth 
ratio v 	by giving various rolativo positions for the 

oloctroaoa. Bin a biI1I pc r on accordingly bcwy oquipx nt 
to roc uiroa in rnaitint dop rcwintivtty uurvoyo Wth offs 
cioncy cnd oafoty aro ctoro to be canos4orad riioro uorlously. 
The lots of Ant . which cn bo aotocto In Ltiitod oitb by 
the o.: ,eitMty of t io ociu pmat or by th level of tc .uric 
Homo beta n the Qc ou'inC oloati'o:ca. Lot tho t rochold 

to 4cl cn be uccurodin fi io absonoe of noioo to VVv  
lot to av ago 	l c z3,00 do1ivorodfaza tT 	=urn. 

Wrj oLoctzoao is tea°. 2O t ]1uric noico local vctoc aL341  
ti BCD  locafiiafl c4 J.Oc 	iotivMy thoo tctooa aro 

OIL o]octroe arr o w Bouevor fi toUu2ic nolSo 
tji ,1 ale* be propo'tionc3. to the zoparQtion bott c a aurinC 

Lot perry toll ,c field o end to BT, ouch that 

VT13110 '. 

tiro UU io the cat c bOtion tIic couz'inc 
of c a oo  DICB'M17 (j955) baa slog that do electric 
tic 4 to ProporttoneL to the oçuaro rdot of ,oniot vi ,, 



ItT  P112. 

Lot l'c is to CUMI voUaao 	opOd bot i tho 
ttcour na aloctrodoo by ttz► cuzrct gupp3.iod t.tb do currc  
oi oc1 odoz. tQ can co uto tid..o - vol taco for vriciw arxayc 
for a uattorm earth. 

I Por thi 1Jo2rAor ay 

More I Current cup1io4 to t io ircamd 

5)  Rooiotivity of tho around 
Spacing botuoc any tt ad4 aoont olccfi'o u. 

2. For to Sc .UT Cor Away $ 

b = 2pccing b,t cn rnczcuring clootrodoo 
am *Zi3Lf tho Cai13IJ b3tfl the cut oioctroo. 

In so of Shbrgorerr=c;o1cmtO  t1t four oloc oOoo 
az'o placod olonZ a coion lino, with tho out.r tuu ooh , as 
currcnt oloctrodas cn tho nor tvo co vacuriJaC points. T 
. thior pair aro iocatod at tho contor of tho array and tho 
separation bcxecn t z la o ]. corn,arod to tho 'off, array 
ton th usually Loos than one fifth the tom. 'tomb. In 
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Vot 1Q 	me u ed l 	ee 4t o G 	v thV  I 

C4bU.eo1 f 	'L fo M.e O cwt -Q o 
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atudyin rooic tivity r, C a fiction of üopt1o  tho c 	nt 

oloo ►ao co xration iO in+c wood in a oc rioo Of Ctopo 
but ,ha ruocicurin (s o1.o of ro c pa Lion . incroacot c1113? 

a»o tin O' o ►O val tcitj o becoo atoo =11 to iota 'o.. 

a = for current o ccto  
 Goflotrica factor 

In c wo of  Ucrinoz ci rz y Sour oquall7 op o1 cM 
colin€ r oloctrodos aro wood, Tio outor tuO oloct o o 
tro nor .y u000 to pro vido arc nt to tho jrouM, ti10 
tho inner tto are uoo to noauuro tho voltaao 4rop cacao 

by this 	r m . If 	otivity is beinG invo it4 o.o 

a faction of dop D  to canton point of tho ay Is hold 

faeq and tho army cpcicina to o=p fled about ho arroy zrLd 

points, oU fow oloctro oo zirii cop tcdi by caucl diot.rncc . 
at el). ti ooa If tho ac u o .onto &aso ado savor a co of 1y 

wntfor C D the rooiotivity of the crt ray bo wood 
cry oily from tho aociourod vol fiaso cunt cM crar  
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INTERPRET ATION OF RESISTIVITY DATA 

The following methods have been employed to  
interpret the resistivity data: 

I«  agate Etast 0ethoa 
The method is based on the theory of images. 

The effect of various images on the value of the poteitial  
at a point is considered. If configuration used is 
weimer, the surface resistivity In denoted by . i and 
apparent resistivity by ) a, if a is the electrode 
separation. The relation between / I and f awill be as: 

• P i 	 n=i 1+(, )2 	naf VA- . (2i)2  
s 	 a 

	

K 	•» Electrification constant 

	

h 	.. The d6pt a of interface 

 ,f2 = Resiøtivity of K 	= . 	.- 
2 411 	the 2nd infinite layer 

In this method apparent resistivity fa is 
plotted along y axis against electrode separation tat 
on taxis. The vertical electrical sounding curve is tho 
drawn. The VES curve in extended upto 'fir axis keeping 
in view the trend of the curve for less electrode 
separations. The surface resistivity f 1 is the falua 
of resistivity on the apparent resistivity axis at the 



point when the curve e cuts theyexis. Three different 

electrode separation Q1, a2 a% are chosen on the 
curve and eorne9ponding values of P4, noted. The ratio 

or -P is Calculated depending CM the variation  

of conductivity of the second layer with reference to 
first layer. * 

Toggle positive or negative curves drawn between  

, . an t 	or, Pay for different values of It are used to a 	pct, 	Pr 
find out a' series of values of , .. for the oalculatd  

a 
ratio betweensurface resistivity and the apparent 
resistivity at an electrod separation "a " for different 
values of k. V a Z value thus obtained Is cultipi ..d by 
a to yield h, This results on _ a set of value of h 

end corresponding values of K for to electrod aeparattSn 
'a'.  A graph is plotted between h and IC f r a particular  
value of a* The procedure is repeated twice again with 
'a' different values of electrode separation 	and 
The three curves 'between h end K under Ideal condition 
should Intersect at one point # The valuø at Ii and It at 
the point of intersection are the depth of interface 

between the let and 2nd rays and the value of elect "ication 
constant. When the curves instead of intersecting at 
a point tOni a trisnnle, the centre or gravity of the 
triang2i is used to determine the value of h and K. 
The resistivity of the 2nd layer "Y 2" is determined by 
the ' following rolation s 

f2 fj 

f2 +f 



!. 	is s 	~ 	t.. 	=! 	.- ~!-~ —~• 	.r 	~* 	~.,, 	, 	i 	t 1L• a 	: i~ 

)nogg the resistivity or the ist rnd 2nd lsy.r 
end thickness of the let layer as hi, lot h2 be the thick 
mass of the 2nd layer and 'd' being the dt.stancs of md*s 
curvature, then depth of the 2nd layer can be estinated by 
tb+ ra ationt 

b 

If P' is the raplaeam t resistivity for the combined effect 
of layers of rsaiati typ1 	?2 then frcn the ThelS 

rya we gat 
b1 +b2 	b + 

~ 
The resistivity f' Is now used as surface re detipity 

wd the depth of the 2nd Interface Cat be calculated as before 
by t ting the curves between K and hi + 32,E The electrification 
c+ $t t I ' in this can be related with ► 	(the resistivity 
of the 3rd layer) by the relation 

U 	✓  wrJ 

f 
vheref 2 is the resistivity of the 2nd layer. 

The layer of (b1 * ) determined by the intersection 
or graphs is used for an accurate determination of re ettvi tl•s. 

t IS C ULA1IVE CtIB E )E BOD 

This method suggested by )1aore(191 ) consists 
•aeeitta13,g in plotting the integral or the apparent 
resistivity 'hiss against the electrode separation of a 
Gish Rooney system s and observing the br iks in the Integral 
curves. The point of intersection of strait lines drawn 
to intersect at scones or maxint curvature in ► oizlmtttve 
(integral curve) indicates the depths or und 	aatsrlal s. 



The data for analysis are obtainsd by taking en 3 7 

initial eleoteode spacing of some convenient value flay 

3 ft for shallow wozi and the electrode spacing is than 
increased regularly, by increments of 3 ft for each 
successive determination# The initial alue of apparent 
resistivity is plotted as the initial ordinate of the 
dative curve. Each subsequent value of apparent 
resistivity. is added to the an of all proceeding values 
and each total$ thus obtained is plotted as ordinate of 
another point In the cunimulattve . curve, By,  using regularly 
Increased e' ectrode spacing it would appear that, a 
substantially atraig1t line with a given slope to obtained. 
Ag the eleotrc1e spacing approaches to a value corr+a ond-
Ing to the depth of the surface layer$ the plotted cummulative 
ire tends to change its direction%  the new slope being 
a function of the two resietiv ties. 

The line dry tangent to the emulative curve 
and intersecting in the region, where the change is alcpe 
occurs will give a good approximation of depth fro the 
Interface of the two materials If we project the point 
cat the horisontal dept a x cs , 

C 	2 ATCB1WG 

Zn this method we compare the fi&4 graph plotted 
on a double log paper with the the retiool curves plotted 
on Log-Log papers with some modulus for different 
resistivity and quickness ratios. The bi -log paper 

n 



permits a wide range of values for the variable to be 
presented on a single graph and the resistivity for 
smaller electrode separation can be accurately plotted. 
The apparent resistivity can be expressed In terms of 
dirnensiorilesa ratios as is evident from the relation 

; 	*Li .2 
 nor 

This means that the theoretical curves computed 
with equation can be plotted without regard to the s r tsm 
of unite used and without regard to the absolute magnitude 
of their resistivitiss, electrode spacing or thickness 
of the beds. The apparent resistivity is calculated l in 
terms of the resistivity of the overburden and the 
spacing in terms of the thickness of the overburden. In 
normal field survey the r .:IIe s of ? and h are unknown, 
being the object of the survey. The dirsensionaleee 
ratios 	end 	expressed in the terms of trier- 
burden resistivity and thickness thus can not be used in 
plotting field data. The slope of the curve plotted in 
the Logarithmatia coordinates is preserved even. when the 
ordinate and abscissa of - each point alongthe curve are 
multiplied by arbitrary constants. The preservation of 
ors hsp! in Longsritbmto coordinates Is the basis for 
curve , matching method of mmterpretation. 
• A field durve which Is plotted between apparent 
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resistivity and electrode separation viii have the sOUs 

shape as a, curve computed from the theoretically derived 

expression pro 'vied `'bath are plotted on the se logo 
arithmic scale. The field curve may be compared ed dir ectt 
with a gat of theoritical curves es ►' euperpo9ition. The 
restriction .n moving the field curve around is that 
coordinate axis of both sides of curves must be kept 

par el* 
The curve matching may be either complete or 

partial, In case of partial matching a part of the field 
curve is matched with stand  	. The restriction 
being that the thickness ness and reai,tiv±ty of the ooh 
layers for two partial matchngs should ce out to be 
se. 

It van shown by Slichter and Langer that If 

d" is a function of depth only, the equation  
div ( Y ) 0 possesses a unique solution. Then the aub. 
surface distribution of 7-  can be calculated from a 
knowledt. of the surface potential produced by a single 
point electrode without any further laical or geologic 
data. 

In the general case when a" , is not a function of 
only, Stevenson provlid that the equation die (°-V V) . 

possesses no unique solution. In this ces• if the surface 
potential is measured veywere for nil positions of a 
point electrode on the surface, the distribution of a- 
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can, in principle# be uniquely determined. 
In the simplest cs a we have a borssontaL layer 

of tbicaies h1 and resistivity j overlying a second 
bomg g teous medium of resistivity f 2 The potential of 
a point electrode C # through rough is h a current I is passing 
Into suchan earth was first calculated by Ie L by the 
method of electric ages 	 0 

all 

2 
C" , 

Tie pototial is given by the sum of 
(1) The potential of o in a aeini in it. 

medium of resistivity f 	p I 

(ii) The pot~xntios of fictitious currant sources 
01 9 c",,..*nd0' ... etc. 

where a I - is the image of a in the plane .. a K 
a" Is the image of aI in the plane 2a 6 

Thus the pot enti . at the surface point - P is 

V( r) «i •+; •+ n1T12 2 ) 

whore r * CP 
K a -P 

f2 +fI 
The equation can be expressed. in the closed form 
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CO 

V(r) 	~.~ 	... 	1+2r jK(,k,h)'oOOr)d 

ere M(A) = K 	(2~h)/(1«.g + p(2)b) 

and .So is the osael function of order tone a(apparent 
resistivity) Is determined for different values of 
electrode separation(s), Thus the value of Ple 
plotted against 	on a double log 	 er Ford different VG. UM 

1 , ranging from 0 to o~ 

t ••, P_, 

	

	0 i.e perfectly conducting substratum 
1 

f' 2. 	.c' t, a perfectly insulating substratum 
91 

This plot shows that ,P5 approaches to P? when the current 
electrode separation is smell compared to the thickness 
of the top layer and fa approach's to f2 when current 
electrode separation 3e large. 

With the addition of a third layer (h,2,92) *and - 
coed between the top layer (h1$ rl ? and the substratum (3 ) 

the problem becomes much more complicated. The apparent 
resistivity curve can that take four basis shapes 
depending upon the relative magnitudes of jj'P2 913 

10 Q type 	(descending) 

2. A type 	(ascending) 
3, K typo 	(displaced , isotropic) 
40 8 type 	(Rummel type *ith minim) 
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In every case, however, fa 4P1 for small values of a 

Pa .f 3 for la* values of a 

At intermediate values of I• It Is thtbiced by 

the roaiativJt of the middle layer* The observed fa 
is plotted against "a" on a t aparent 'double log Vapor 
with the some modulus as the master curves paper. ?eM;w 
tbó respective axte parallel, the tr apar t a per is 
Slid on various master curves In succession until a 

iutiefaetor)r match is Obtained with some surge ( If 
necessary an interpolated, one) ,* The value of C 1C2a 2a 

Coinciding ng with the point 1.0 on the X- at" Of the 
anatcIdnS mister curve gives h1  end the value of a  
coinciding with the point 1.0 on the < axis giver 14 • 
The values of 2,?2 ...  etc . are obtained from tl* 
appropriate parameters belonging to the matching master 
curves. 

The potential diatri*tion on the snurta of of 
an earth composed of four or more layers  is often needed. 

It eon be deterred by electric images but the numerical 

com rutetiona u4 ng conventional methods are laborious. 
A rigorous and accUrate method for rapidly oacnlating 
the reeiottvity curve for any co binatton of thickness 
ad reeietivitiej In a stratified earth hang a 
perfectly conducting or insulating substratum, vu 
developed by ► AT . But due to inherent limttstioi, 
this method is now of historical importance. 



If In equation Div (f V V ) ,,'q' 

is constant we Set Ls*lace' a equation v2V a 0 vhtch  

is true ,dthio each layer of the stratified ems* The 
potential dietrii*ztion on the Face is given by 

V(r) 	. ~' *1 	I + 2 r f X(A, i j -Tb(, r) 
0 

)C( ?) is a function of eu the strata thic e s 
it resistivitiss, baoirn as Kernel function of resistivity 

Its value for the two layer earth is 

K exp(*2Xh)/ (i. K ep(Q2h) 
For three ;layer earth, Its value wilt bet 

For an a Crary horizontally stratified earth  
K(A) is obtained by solving a certain cyst of linear 
m.tonseos equations resulting from the boundary 
conditions. 

For Schlubarger array we have 

vhepe r)a 	4. C I + 2r 	 txA k fit) 'O(M )d ) 
•,,.. (2) 
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Frcmi these two abov equations (1)  nd (2) we get 

CO 

,Pa ofi ' + 2r 	f K( -A)31 	d 
 +t*a.a (3) 

Siang 30' {a)  
is the Bessel function of order 1 

now according to Haflkel!s transformation In 
Bessel functlb n theory, ut we have a faction t(r) 
such that 

rn 
t(r) - f (A)Jn (Ar) dA 

O 

then "K( )) - f t(r) 3, (A r) rdr 
J
o  

Applying the transformation to equation C.) we find that 

XC ?) a 	(*) f i (f a •j1) r I  

The equation first observed by KING share that the 
Kernell. tunctin can be coumted, It plays a central role 
in the me ern theory of the Interpretation of resistivity 
data 

The electric conductivity of a layered earth is 
a function or the depth r .y. According to the Siichter •• 
Langer t ieorem, therefore,, the bo11edge of the surface 
potential due to a point electrode should eutflce to 
determine the thickness a resistivities of the various 
layer. 



15 

Two Interpretation netbods wed on thu approach  
are available 40 

The tat method can be traced beck to Buitel 
(alter It has been subsequently rimed and t raved 
by seral workers). Lct us take the three layer  ease 

P1, P2 P3) with ► h2> h , clearly as long as the giant 
electrode separation does not cead a certain due, the 
eppareit rseintiity curve will not differ erpreiciably 
from a two layer came with the some 	as that in the 
three 3a►er cue under consideration. At larger electrode 
separations- the third layer, that is, the infinite 

'stratum (f 3) will in "lrteos the measuraments, 
del showed that for sufficiently largo separations 

the apparent resistivity curve obtained is virtually the 
some as that for a two layer case with the substratum but 
with a top l er oft cknness b . h1+h2anda 
resi etivity gib by k - ., ' .. + ., .► 

is derived by applying Circboff4s law for 
resistances in parallel. Thus by rnntching the initial  
branch of a measured resistivity curve with an appropriate 
curve tva layer case) we obtsi a,02 apd hi (? Is knovn  
from the u; atote +f JO *,) toi r smell electrode 
separations.  

Siaflarly by matching the branch obtained with 
large electrode separations  we girt 3 end h again 
with ► the help of two layer master 0J.1 manf3 endman 	h2 
can be separately evaluat , . 
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The above procedure is facilitated by the us e 

of an auxiliary diagra in which I * 	is plotted 

along thexaris and 	on the y axis, 'lath on a log• 
artt t ie scale, and for this reason known as the 
auxiliary rum (or auxiliary point) method. The a+ 4 
is entOy extended to any giber of layers with thick. 
11ØØe t h 	o h3 ... and renietivitieis Ji or f2,/'3,  
Zt ie of course# valid a .y i! hi < 	(h3 1... bait 
can also be validly employ d in many other eases by 
eon struoting special auxiliary diagram, 

The second direct method of Interpretation is due 
to Pskrjs and is based on S iehter''s ana Wsie. Practical 
procedure is an foliowa s 

we measure the surface potential w o or a single 
point electrode by reuo3g the other current electrode 
to great distance. We cO plete the function 

K (A) - r f V(r) 3'o (A r) rdr, by mnericel 
0 

or mechanical integration. Plat  ft C A) against ~I 
where 	f1 ( ) 

for large Al the plants viii ..e on a aught live with 
a el s ON and an intercept log (f) with the > axis 

-where 	K 	a 	""' 	M it altthe point/ 11* 
P 2 . Pi 

on a straight line b2 a (two layer cane) otherwise 
with i► b 1 and K1 thus determined1ve proceed to calculate 
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another closely simi3.a2' function f2 CM, The plot of 
whose logarithmic gives in turn b2. td IC2 f 

P3 f2 

The process is continued ued by Calculating a third foction 
r'3 if all the points do not lie an a straight des that 

is if h3 t l aTid so oan* 

This method implies no restricts on the relative 
aagnttzdee of b, h2, h3, •., and is thus quite general. 
Unfortunately it requires considerable computatiOn. 

Ioefoed has recently developed the method into 
a rapid practical procedure. Re starts by constructing 
K(~) from the observedf a curve byaenne of a ill 

cmbor of standard curves. Nett be domes a modified 
Kernel function on() a. K (A i (f + K( >)) 
and this he treats in essentially the ewne tanner as 
tth) above to obtain successive strata per tere, 

A relatively  #; i layer Sandwiched between tVO 
3 'e mdse redeti' ities we mach higher thcn that of 
the sandwiched layer. The current flow in the eatbh 
will then tend to concentrate Into the middle layer and 
evidently the 'racoon of the total current carried by 
it vii be unaltered if we Increase its resistivity (J) 
but at the erme time increase the tees d') In the 
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am* proportion. Thus all the aidle layers for thtcb 
the ratan h is the ss are alectrioally equivalent. 

On the other hand it the resistivity of the 
alldle layer in much larger than that of the layers 
on either side, the aleattic current denef4 in It viii 
tend to be less than in the la rcr bow, The current 
flow will evidently tly be unaltered if we Increase the 
thickness of the dddl. layer provided we at the same 
time 4ecreas r Its reeletivit7 In the proportion.  
in to case all middle layers for wbi h the product 
Ii P is the esaae are electrically equivalent. Thus h 
and f can. not be separately detarsinad. If In the first 
Case the thickness of a layers Is very small compared to 

Its depth, the effect on the . a curve in so seall that 
the presence of the layer will be suppressed. 



API 
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Resis ity survey can be carried out either by 
Using low tz equericy alternating curr+rnt or by direct current. 
flow ever there are st* limitations and advantages in each  esøh of 
these types of 	gizatioiis. There being two reasons why 
direct curr+ t is not nnrmsy used. The first is that electro-
Chemical e.~t.t.'e produced berme. the metal electrodes and 
the ground would be a source of error in the readings. The 
eeocbd is that direct currEnt measurerentc are also affected 
by aaturax eirth ourrentz Bch produce a clow2y varying 
potential difference across the electrodes. Blectroohemieal 
effects can be ceded by using nanpol sing electrodes but 
these are trournesomo end reduce the operating speed. An 
electrode of this type consists of a porous iot oontaUing a 
metal electrode bmerssd in en electrolyte of one of its Grim salts. 

"Like the potential differences of rlsrttocherlasl 
origin earth . ccurrent tend to be unidirectional and both are 
a1,ininated if alternating eurmt is used in the grcund and 
rectified before measuranent. It is very "esirab s that by 
frequancy be used, this is because ground inductance and eapa*it. 
ace and more complex frstueicy effects such as the Induced 
polarization becomes 4noreaøthgly important at frequencies 
above a few tan cycles per std. 

There are some definite advantages of using direct  
current. These are$ 

(1) The skin depth is infinite. 
(2) Thetr%entatton is comparatively a le. 



RYS th1flg discusaad above z'la to direct fit, 
Rw.i*r, e3ternating current ott.ra 4.tthite tvntage8 frog 
ss.r1 its of viay. Ths.sO sdi'entegsø bav ofd led tO a 
preference rence r the method th a cmtriws# for ez a S* 
L rint *s 	sass of I*r prduction ai of Matt 
scA ty to iy potent1nia, 4 the ebUt7 to f r. Me 

last posdbUtt7 n particular aC1i4tatect the diatinetion  

which 	 b 	at sanrnedi, raft s polarizctto of tht 

*24ctodss or tsUuric currents wtttch in Moral  are slo ff ° 

eittsd3.y1  the ps r . e of alternating a rrer t distriz. 
tion in a heterogeneaus a0dim is acre dUttcult. liosr o  
alternating eaar t seniss cn 4itton*l ix4epsMsnt patsaster  
in its trsqusncr j also, one can a uure both the 	trli flald 

e is phase p and ven the ccinponsnts of the £zicsd magnetic 
field. There thus reilts a sore flsbs gyration, as such 
for the execution Of ss*rsas ►ts as for prothatian cf currsnt  
Zn pear, it is •az to ththts zrvirnt in the earth h wilt 
the ca it r of eotrod.es, 4 to me the relte in the 
esal W$ thi$ to T O p0itO a Caa 	in rneatsft"t as 
ore advances1  si.thar by mac., or AMO, 

! i t 	♦  	T 	 k. h 	 ". rte' 	Wtil  
AU these advaatagos bar are laze offset t rthe 

r,. or diffLeiltj net in try to penetrate  a conducting eft 
wit1 alternatingint. This phsncrencn evifled the ,rw 
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Off"tj ioyigists in Th. eneimtr'atien of sate"" current 
near the cont**t between aatSr3.$) of 8iffsrent reaUttflties' 
Thus concentration of curt is **ore ponounc*4 at htsr 
ftoosAaas n4 for 0040 diffirenes U resistAvUr ar4 
bicots 	u4y *or-teat at the surtae of the .art. 

The dnu4t(eCt nom a rapid 4ecresse of c*arrent density with 

dopth# en4 0043SToutly a 4e0042e4 depth of ixw.st*tion. 

)L1 

thi curet is introduead IA this earth tat one can set aft 
*pper Unit 4thresettoae*othat is to $*, to 
øourc. 	 tt'v*4 1tat toot diZ?et mrmllvl the current 
Owdty wad bo goUtaWat aU 4eit1ls, This is the sass for 

certain teThurJc 	for eza*plO, 

**s" tv the erssn 

40/of" ~T 

azi4 is the ttsptb at ibish the =""t 4"Atv is re*ce4 to 

tothitsffsu*atthøa*ø, ThspOrtadis 

iv*n in neonde M the r.tctMtr I In 	4srs4 

*WA of 10 oI stirs r.sistivitr ioul4 be reduced to =Ow  

third Its rn race danstt3r at a depth of 9 *tors. Vuidtoni 

of the re404vit7 as tt* nea 'rssi xaton ths h&*a 

effect on thi d 	tin of the eZ.etric tL2.d 

St the .irta*, $M 	a sN 1i*1tttJ4 On at*rnatinj 

oarrent methods In $diOfltaZi i* 1W Of 	VS' high 

cozIetiit7. 
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'HOWW, it is st1i po*stbts to profit the Cal "111 tajss 

on tbs ondttLon that fe tes be nssd accord to the 

	

of the bids d the depth of Im 	dew.. r 
•XE 1 e, it the Sf11u ,t7 .to 10 moo+ as above, a  

cyc3s pet lacord], have a ussAz2 depth ot i 
Ers tar th 10 asters. he semi ussAzi penetration to 
attained in a asdium at Iwo ohe  era idth a Current oS 

100 	 S per 

	

in psi, it is now that siwo 	r 
corrtmt is not the on 	Sn ihith a ?aria'bLs currant air bi 
used.The 	oft beh,iourOtshortr4sss, orotth. 

iquiv4*nt is ste.. to attord certain patios 
sdvent*•s. Theft techniques ax. st3ase used todq 

' "iii. 	w,i 	# .` 	~'~ 	~` 	" ~#,.', i 	i ~ 	l 	a, 1' 	'i...♦ 	#~i '~ {',.i` 

The e*Th4ttect 3.6 	laportant froti a plc.2 

point in plQspsctSng Ith direct 	z t. Zn *foot,# it P"* 

or open*4. VW 

att# its 	istSistrbutton oniy iRir a certain period 

of ties has sd. Inath as certain tecIze. to ovarccss 

oiiin the xrant o" ' , it is necaasazi to invssttiats the 

is s13.y ate+ . 
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Used on the above discussion the instrientc av 
able for carrying out resistivity field operations can thus 
be divided into two typos. 

1. A.C, Instruments 
Following are the A.C. intruuientsz 

(a) T nohm soil Resistivity Meter 
(1) Geopb sical Megger 
Co) ABE M Terra meter 

2. D.C. Resistivity Meter 

In U.C. resistivity measurements$ Instrumentation is 
usually simple* Current is generally provided from drat 
batteries, Currant e3s etrodee are generally suss. or 'eoppas-w 
clad steól stakes driven a few inches into the ground, In 
dry its, the soil around the electrodes may have to be 
ioistened to improve contact# Where bare rock is exposed 
at the tape, it meq not be possible to drive a stake 
into the ground and ifl eueh a case, a current electrode t 
be formed by building a small mud puddles around a piece of 
copper screening. 

A most useful afld protable fret 	gat in the fief 
soil Resistivity meter, he a oinplified circuit, Alt 
nating current Is supplied to the two outer electrodes  
the potential differences across the Inver two being 
measured by a potea do matter* Variation in the supply 

.vctage affects both potentio ~» 
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meter and current electrode equally, and therefore does not 
upset the balance point. Thus it is not necessary to measure 
current and potential difference separately to obtain a value 
for resistance and the potentiometer can be calibrated in 
ohms* The advantage of using a potentiometrie method of 
measurements is that by so doing no current is drawn from the 
ground through the potential electrodes, and therefore the 
resistance between these and the ground is not incorporated 
in the total measured resistance. 

The current Is supplied by five 1.6 Volt batteries and 
converted Into alternating current at a nominal 110 cycles per 
sea. by vibrator* To operate the Instrument the potentiometer 
is adjusted until a null reading is obtained on t he galvenometer. 
The potentiometer then . gives directly the ground resistance 
between the inner electrodes* 

The anther Instrument Is  Geophysical Nagger  uses a 
band cracked generator and can generate about three times as 
much power as the Tollohn under normal operating conditions. 

It has also the advantage of working at a lower frequency, 
this varying between about iD and 20 c/s depending upon the 
speed of rotation of the handle. The principle of the instrument 
is somewhat similar to that of the Tellohm, but here a synch" 
ronous commutator Is used for rectification and the resistance 
is read on an ohm meter directly and not from a calibrated 
potentiometer. The operating range is from 0.3 to 30 ohm 
full scale with an accuracy of + 1 percent of full scale on 

each range. Provided that ground reaistivities are amt too 



low, the Geophysical llegger can be used for investigations 

down to &depth of several hundreds of teet. Its disadvantages 
when compared with the Tat lohm are its greater Freight * aM 

shorter scale range. 

A newer Instruments  the AEM Terrameteri  also operates 

at a low frequenoy t4 c/a) and is therefore suitable for 

greater depths of Investigation than the Tellobm, but is 
based on a transistorized electronic ogaillator and is therefore 

.far more portable than the Kegger. The maximum output is 
6W and It covers a resistance range from 0*01 to 10,000 obm« 

The another instnzant is Resistivity meter , the resist- 
ivity measurements in the field can be made eider at very 

low frequency or by direct current. 
€ ,UIPMENTS 

3« Resistivity meter (Manufactured by I1.a4.i. Ryderabad) 
2. Electrodes 

3. Power source 

4. Insulated cables 

6. Surveying  aquipments. 

1. SIaT4ITiMiZJ&t 

The resistivity mater used in the survey was manufactured 
by the NationalGeophysical Research institute, Ryderabad• 

The circuit diagram of the instrument used is shown in the 

figure No.' 9 

The resistivity aster Is a null detector and utilised 
two potentiometer circuits for measurements. The voltage 
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picked up between the two electrodes for potential measurement 
is neutralised by feeding an equal and opposite voltage through 
a pre s a ibrated circuit which gives the value of potential 
difference between the two different potential. electrodes. 
The current through the ground is measured by milliaaometer 
placed In the current circuit. The resistivity can be calculated 
by measuring the potential difference . V and current 
Is through the current electrodes. 

The instrument is very portable and assembled with a 
Widen cabin►t. There are two potentiometer cirouits one 

potentiometer is used for the cancellation of self potential 

white the other is used for the measurement of potential 
difference between potential Sleatrodee. The potential 
difference is measured with the help of a circular disc graduated 
in millivolts and can measure the range of 0 to 600 millivolts. 

There is a# d.e +meter of 700 ampere rimes  which is graduated 

In both the sides of the zero value of the scale i.e. (61 -O. 50) . 

This ammeter is placed In the potentiometer circuit for measuring 

the current passing through the potentiometer resistance wire. 
The same . ammeter functions as a galvanometer for cancelling 
e.0 potential and for the balance of the potential due to 
ground. 

There are two switches for fine. a A. coarse cancellation 
of s-p and potential differences due to the ground. In order 

to oaaoeii out the minor inhomogenities the resistivity motor 

Is provided with a currant reversing key between the two 
current electrodes. Two sets of readings are taken one in 

the direct and other in reverse direction., 
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U 	The electrode connections are made depending upon the 
polarity of the current. The main and auxiliary switches are 
them switched on. 

2. 	When the function switch i.s off the null indicating 

ester ehoui4 show zero. It *t l  the aeec anicel, zero is 
adjusted with a screw driver. 

3* 	'unction switch is turned to calibrate position and 

calibrate control is adjusted to get a specified deflection* 
4. 	The funótion switch is turned to "set zero 1 position 

and set zero 1 control iø adjusted so that needle La brought 

to zero. 
6. 	Again the function switch is turned to "set zero 2" 
position and 'set zero 2' control is adl usted to bring the needle 
to zero. 
6. The function switch is then turned to "coarse" measuring 
position current range is put to 2000 nit► and 'Add mv' switch 
is adjusted to zero. Potentiometer circuit is set to zero. 
Also the direct/reverse switch is put to "Direct". 
7. The double button switch is pressed lightly with left 

thumb so that only the potential. glectrodes are connected. 

The shift in the needle of galvenometerr arised due to s. p. 

In the circuit is balanced by adjusting $cancel e..p s control. 

s. 	The double button switch is pressed again slightly harder 
In order that current electrodes are also connected* Tb. 
deflection of the galvenometer is balanced by adjusting 
main potentiometer and add mv control and then the function 
switch is turned to fine measuring position. 
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• An accurate null is obtained bit' adjusting the 

potenttoneter. The total potential difference is notod 
by reading the potpotentiometer plus "add mv" control* Also 
the current is noted and the tomb Is lifted oft. 

100. 	Direct/reverse switch is put to "Reverse" aDd. 
step No.9 is repeated. 

ii. 	For every r obsorvation.s, -step 6 to 10 are 
repeated. 

For Wennar aont uration tour electrodes are 
Used during the resistivity survey,# Two  electrodes no 
as current electrodes are used to pass the current Into 
the ground while the other two are used to easure the 
potential difference between two points. 

(a) current  ....1  ne 
They are mote's (Ce) rods about 18" long having 

a diameter of about an inch. The current electrodes are 
pointed at the base* eo that the can be easily d*iven 
in the ground. The elettrodes are hsnered with the help 
of a hem haimmer so that the electrodes rah to a depth 
of about 6". This helps in hang a proper contact with 
the moist Boll. . 
(b) 'atM' i . ] 3.eetredes 

Even with the best possible electrodes a contact 
potential or the order of 100 mv is produced duo to the 
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midst.mc* of contact po3.eri.sation. This Is a serious 
dr*V'badk with the direct contact potential elootzode. 
Ncn.polarisable electrodesare used to overcome this. 
ditticUt7. 

The 	olariing electrodes are Weds up of 
1dentical metal rods put In identical olutione. The 
potential electr&des are flat bottomed poris poti wed 
with a saturated aelution of C s+ . A perperforatedcopper 

1 

rod is put In the eoluticn. The lav of the electric 
current trough earth in vicinity of pot causes the 
electrolysis of the Cuci1, solution  

++  460 
8uS 	Cu + SO4 

The Cu" " ° ions mores tovsLrds the aentrel copper 
rod and get drposit+r~d them 

CU + 20 

The n ov of theme copper ions sets up a potentiai 
at each electrode. This potttisl de doped at each 
a ,dctrrode depends upon the purr+ t tlov in the Vicinity 
of electrodes wbib Itself depends on the resistivity 
of subsurface formation, lesser vial be the, current f &A g 
througti surface leyer of earth and bones smaller will 
be the potential . deve ed- at the electrodes The differences 
of poto~)tial at two electrodes so developed is measured 
with the hs p of d*c. cipensator errergaent in 
resistivity meter. 
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Sometimes rods made up of zinc and solution of 

s,*, Is also used th the porous pots to make the potential 
electrodes. The rod is hollow and the murface area of 

tact to large this h .ps in the meintcinos of potential 
equilibrium. To evc&d the internal polarization of '# the 
potential ejecteodes the following preoaution ahould be 
tokens 
1. The rod must be out from the sake piece of metal 
to en ewe that the physIcal  and a ical characters at 
the two rods IV the two electrodes are the asio. 
2. ' be two porous pots BhOU34 have the some degree 
of porosity. 
3. The ohad.cela used should be 	 e and in recryatal- 
ized form. Distilled water should be used for the 
preparation of the solute. 

The soluticm sold be fully saturated and the 
pow pot should bays a few oratals left in the bottom{. 
5. 	To prevent the loss due to evaporation the 
porous pot Is sealed at t o top with, the hap of a cam. 

in order to get correct readings following points 
should be kept in mind. 
1. C eibrstico ebou3.d be checked after few observations 
and not after every observation on frequent use of the 
standard call will result in rundown of the voltage* 
2. Current range should not be aged a the 
current switch Is an as It may destroy the meter* 



3. 	Drift of zero settings c are easily seenas o ange 
in the null indicator position when the function switch 
IS in fine and the tl mb Is off. 

'1+19 	The ° null indicator should be adjusted*  being 
very sensitive and delicate„ a email error in balancing 
noting less than half a #=U dv.sion to the motet 
uount to on error of about 0.1  , 

5. 	The polctr1ty of the battery cello inside the 
otrunent sherd be chimed carettLly. Connecting the 

coh a with wrong polarity m permanently dnage the 
Instrument, 

6 • 	The motor std never be touched iile the 
instrument in I. i e. This may lead to generation of 
static charges. 

?. 	In cloudy weather too mnaeh of variation In the 
messur+iexits are observed. They are duo to electricity 
I n the atmosphere. fence no observation should be taken 
vten the vcateriscloudy. 
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Lim SOUFA 

A Une nu*er of f 	cozu of' 1,05 	a axe 
c+nmote n a series to fore the a u e of per for the 
greys - O e a1i', G such c 	*e COnte in series 

woo an box to pro#4+ 96 *" $* 8s to suit such  
o s y be cOrMeeted to series to tor,, the aoree of 	ent : 
'be boxes are tapped at refit' 	Ut er w "!o that various 
io7itaes can be drawn for the rurv* Thus delis vo2 ags 
# be o'k ainci. 

P xfb '* C cable dtb thick Cdr core are use  
to the sure , The- caber are roU t 	a different ss3J 
The 3.engtb Of the cab]e is govern b The Ziflgth Of the profiis. 
8incc the current e3a*tro3as us at a 	►ter 	►UO. t 	the 
p . 	elect $es trc*s the +! s. sr, such angar cables axe 
n ie for currant ei t i.se than for f t 	s1.ctross, 

Prismatic sass or thAo34ts IS :fir 	use$ tor 
the purpo eS of iØ1ng profile des a M i ;n. Ott the sec. 
tion of the profile  ljne vith withrespect to Nofb.H *i $i 
tee and after chains are s % for fi* ►i: O 02060040POS 

T die selsotton of paxticulmr rr*u s ent dude upon 
the following factors I 

~G ► es+ in Corm out In fUJA. 
(j Avail im7 of meter u ei for tss a tic. 
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8*sing these two pojnts 5ChlaWb Or 	$eesnt Is best, 

as it to kes lose tine Ia co*parisicn to W.nn.r arras+ 

(1)  peas _ W rrn   	SOMIAM *etho4 U the  
too siectroes are 	tt for gtij each rs*Lirs, 

e a0 

 
sir ngemnt,t*ntl Vitro es an not 

rgt r . 

 esse J,nsrm Ws don have *aster cum# 
are nSeesSiry for lntsrpr.taticrn, 

As two is of rasistiv&t a asu ents are poisils, the 
ie3sct i4spsnU up the prob3sa, whether CM went to std 
3 eial isiiation in rasistivit 	l 	i►uti of 
rs*i$tivit7, for that moon one can use stepping (g.ossctrical 
profU4ng) 4 Vsrtcal E3actrie oim3ing respectivsly, 

oQ MICK 07 81UMaRR AJID W&N1U a as 
1 Schlib•igp theoiticsl mattercis are baaU 

the value of electric fi+4 Iatnsity at the $CLvting stations, 
whiNeS the W , cis ut&3u the 	ti*l difference. 
betwen H aid N, Hesce U+ 8h) r r and Winner astboa  
scaetises : 	graLIsz aid pot*mil thoi, NspSctit37, 

s the names suggest, the enoly in t * S d sr or 
graU.ts*t 	doff, aid tbS for di.$toition are 
not Intts. Wenner curve## in cotes, retain the" 4110 
tort a s and 	tt is i*iich are 4us to local hcstogneitiesj 

these a ncrea3 isTagularly scattsrei the groiM, thøu. 

a# not inpoitant from a practical point of vt4 

Whj s the ulecti 	properties f the various y*ri are 



reflected to a ri t* a ztm in the lwib.rg.r curve, the 
t orsticaacondiUmn that (sW ) op •O squired for apparent  
resistivity 040"R to is never fatWed in practice. In 

Weuutr's oft, MAs cs as not Mt 4th,sine*  
(WAD) ii constant/3 

In the gredtent met, MN is chet after a amber of 
Changsi in AB; +tom.. cuts the xting b s ' about % The 
cmU* length to re e+ ,, end cable contin'dty u vsU at l 
lecations in Pitt# O *a Can be *ate checked end *stscted 

The ntrodction OS personal error in the Schabsrgsr  
*.sue to aU, sines oiü tvo 3eotrodes an changed. at a ti► 
(rate than all tom) 

The der ash is motive to nsar.rtacearog 
sties, tat cwt a3vs earl resolve deeper ems 
iPP1U* t„ 19 ) . The aiister *A"** (MO 	19c6) 
` abls for the potential method J 	'tean plotted  for shaUosr  

events only, 

In tiS14 ihile ling c t profile one must alvys  keep 
In KW sac of the fags Bch *pr'ovc the remits and 
tease the efficiency of the fluld vor, aelsetton of a 

suitabiC A t is ons aost important factor to be consider. 
Its importance  lies in ths fact that tcli cti.cal resistivity 
mad is v.r much snatttve to topographic • ' ohs Which 10 

fte, 
 

to localsassing together or drams apart of the E,P. 
inis and thusfor. effectthe potential z*a n a ;ice 



FIG •1 0 	 L 	. 
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ineoi,ct po$ntie.1  di iir cm,  reading and hence .etitiaua 
rsults. ttorts, thsr fa ' n d vays be mad* to select 
fairer Planar area for profile 3ra►t. 

rl yin out p'otie and rnarkingvarious points Sbr 
rre t a potenti el.ctr is, themzrve is stied *Ath 

P ats± A DO was 	L h Vm sCotsd smelt that t ir7 
sln am La aysl3ah]e on the either si4e of It* Proite ILM 

is then as*04 with the help of prietLc open kept at the 
bass ant end ftztng a ranging rod on the either aide of . 
saw of this Im is rid do vs positions for putting po +  
U and current døctoOs are aaztrd#  with the p of M 
+rte into ground at prsdetstrs4 dime f the bais 
station on either si4e of It* 

Zn order r too snsure good contest between ems. and 
drafts  and hence to reduce the contact resistance, ) ss 

ire prspar and e'ate d in adce. a the contat of cult 
ol ddsa with gM can direr " err by drawing t 
intatheground thadistancsofabt1O,sotsprea  
pardon of heles t.o only Sound nscsssar for potent s1*ct 
rodes, , preparng the ,fit&.e hces nd vatering, t r in 
sdV .4C,#  the rest stance QS1Xd by the contact between the pot 
iM %2'oflnd, biob Is 1sni. abli fr** p3.sce to ,place and point to 
point can be m i smtsUo  t xm+t 3, bULes of about 6 ash depth 
►d t wt*r eht17 Water then one diameter of the porous  

pots are pry and vats In such a w that neither th$ 
has, is left dry nor it is over flood I with vatir. 
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TIM » MI -► A' LA • MASSE" WTROD 

The name for a tee) pique of electrical mapping 
was suggested by Schiuum'berger (1920) and may be translated 
on excitation of the inane. The idea in to use a 
subsurface conductive mass Itself as one current electrode 
of a pair by connecting it directly to one pole of a 
battery,, the second eletrode being as usual a metel rod 
but placed on the earth's surface at a great distance. 
A current is passed and the voltage at points an the 
surface are mapped by moans of a volt deter with respect 
to some base stet ono 

Xt will be noticed that the operation is 
exactly the seine as in the measureaent of as]! potentials. 
If we cooeider the mass to be an elect *42ly-charged 
body, the soaps of the sq*tpotentisl lines (Lines joining 
points ith equal voltages) will In some measure retleot 
the geometry or the conducting body and shouldbe 
expected to give clues as regards Its extent, dip, pitch 
etc. It is obvious of course that atleast a part of 
the mass concerned must be acceesive so that an alectfinol 
earthing can be made in it. 

The *rise"Ma-iasse technique is of great 
help in testing 9tather a small salphido m nerel show 
(in out crap or In a bore hale) Is an isolated occurance 
or whether it is a part of a large electrically 
con tin ecus mass. 
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' Z 	MISE A' • LA • MASSE„  SOD 

The name for a technique of electrical arming 
was suggested by S ohiumbergor (1920) and may be translated 
an excitation of the mass. The idea is to use a 
subsurface ccndcti' mdse itself as one current electrode 
of a pair by connecting  it directly to one pole of a 
battery, the second e3.etrodi being as sr usual a matel rod 
but placed on the earth's surface at a great distances 
A current is passed and th. voltage at points on the 
surface are mapped by moans of a voltmeter with respect 
to some bas* station. 

it vili be noticed that the operation is 
exactly the same as in the measurement of self potentials. 
If we consider the mass to be an electrically-charged 
body, the shape of the sqEipoteunttal lives (Lines joining 
points 4th squal voltages) will in some measure reflect 
the geometry of the conducting nducting 'body and should be 
expected to give c .ues as regards Its extent, dip, pitch 
etc. It is obvious of course that atleast a part of 
the mass concerned must be s000ssive so that an el teal 
earthing can be made In it. 

The miss la'.masse technique is of great 
help in testing leather a small suiphide mineral show  
(in out crop or in a 'bars bole) is an isolated oacrancs 
or whether it is a part of a large electrically 
contineous mass.. 
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CRAPTER 	V 



DATA PRccssmG, PRESENTATION 	$ 7 
AND DISCUSSION OF RES1JLTS 

Data Prooessiig arid Preee tation* 
The readings taken in the field as described in Chapter 

XV hace been processed to obtain ap ert reaistiv1te for 
different current electrode spreads. For this purpose 
coputor prog'o was deigned and tbo data eouted. 
Someof the abeote are givem in A' pa'idlz. These apparent  
resistivity values were plotted against the h; ' the current  
eletode spreads on the transparent double logarithmic 
paper of odu1us 62. am =0 These cures were them matched  
with the Master curves pubUsbed by uropean Association 
of exploration  Geophysics (1963) 2d need edibion 
i ti,iz: S the principle of coa ip] t a curve matching as ire,: 
aspartialcurve matching. The depth of iriterf ates ad 
the resisttvttjes thus obtained by this interpretation is 
shorn it Fig f3  to 1 9 and In table fl. 3. 

Geoeleotrio sections were then dry utilizing the 
Interpreted data i.e the resistivity ad the depth to the 
intertaoe and is big in fig No.  20 

The va1uej ,,,f r'esistivitie were determined and tt 
was found that resistivity of the top layer vanes from 
6.2 to 35 ohm meter, while the valve of resistivity determined 
with the help Of Meggar In field was f oud 8 to 40ohm meter 
which are nearly ease* The resistivity of the 2nd layer 
zees from 1 #5 to 12 oft meter except few s dings obtained  
by interpretatic of data, the determined value of resistivity 



1 O  
in field with the help of Regger is 1J to 1,.11 ohm meter 
in pit which is also coinciding. The places whore the 
value of ,p is informed to be 'high, the value of resistivity  

of 2nd layer is correipondthgly high* Su'bstratm has been 
cor jtdere(L to be of very high resistivity. 

►t places$ the depth of interfaces is found unduly 
high as in line A'A,, BIN C'C eta.,... at. point VES N O. ? 
22, 10 etc. rich are li 1y due to' rried na.a, f 2 
vet from 14 to 11.3 Ohm meter* 

The course of the hurried nets data to etio m in fIg 24. 
However this han also bem refledted in the MtCLts of 
2cisa-i-Ls4iasne rtethod discussed in the next par*grsp. 

The material in the hurried Hate can likely be 
clayey soil along 4th boulders and water may be present 
in the pore spaces. At other places,, very by resistivity 
values of t e 2nd layer is found to correspond to the 
clay bed. The course of the t*wried nale is shown is the 

,p ( ,gN0.21 ) 

Thsequipotential amp obtained in the 3.9e.Me'."Mws05 
method Is shown in fig No Z2. However the tree of burned 
nets has affected the disposition of oquipottiat contours. 
" 	fr the 	ipouHtia . contour, the course of the 

ied nate cou,d be deciphered and is sboun by dotted tins 
in the fig, u 22. On the other hand the otherwise regular 
pattern of the equipotentiel lifles Indicate the regularity 
of the Ole)' bed in the area irwestTtst+ed except in the nets 
portion. 
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No. 

►ltoo4ng table etxvs rs4ativ$ties ant 4pth of Inter► 
tact sn elevationof song itattone. P1  and P2  are th 
true resists iss 	Oh 	aa'  of ovètharden ant ii 
tytbn zspectivet t while i ;  sn t2 are the 4spth of the 

i 0 1.5 2.8 $06 

2.  0,5 3 lea 3.5 7.0 
3.  0.5 i.► 3. 6.6 

o. 1«8 3.5 7.0 
5.  1.0 15 6.t 3.8 22.8 
6.  1J 12 8,0 05 18.0 
710 9.3 2.2 21.0 
8.  0 '? 8,6 3.0 18.0 
9.  0 9.3 Soo 18.0 
10.  1«5 21 9.0 5, .+ 
11.  3.0 10 6.7 6-*0 1$„0 
12, 4,0 8 5#3 7,0 *0 
13. 1.0 9.5 6,3 4, 0 12.0 

1.0 17.0 "3 1+.5 $00 

15.  3,0 11.0 7.3 + $0 18.o 
16.  w5 17.0 114 2.? 2700 
1?. 'Ito 11.0 7 00 20.0 

1.0 16.0 10.7 4.0 X00 

19 0.5 12,E 8.0 3# 
20, 1.0 12.0 8.0 3.7 22.2 
21. 140 10.0 700 34 20.0 
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0 11.0 7.3 is$ 10.8 
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50 1.0 i3.o. 54  
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C C TYAGI ARRANGEMENT SCHIUMBERGER 27474 CCR 
C 	Af~AH(M1 /2o 
C 	SK=SPECING FACTOR 
C 	DRI=DIRFCT READING I(MA) 
C 	DkV=DIRFCT RFADING V(MV) 
C 	RRI=REVERSE PEADING I(MA) 
C 	RRV=REVERE READING V(MV) 
C 	DVI=DIRECT V/I (DRV/DRI,) 
C 	RVI=R 'VFRSE V/I (RRV/RRI) 
C 	R=MEAN V/I (PVI+RVI)/2. 
C 	RPH=SK*R OHM.M. 

DO 1a. K=1,5 
PINCH Q 

9 	FURMAT(10x,59HDEPARTMENT OF GEOLOGY AND GEOPHYSICS, UNIVERSITY OF 
1ROORKEE) 
PUNCH 16 

16 	F(RMAT►36X,7HROORKFF) 

PINCH 17 
17 	FORMAT(4X,14HDATA SHEET NO.t25X,5HDATED) 

PUNCH 12 
12 	FORMAT(43X,8HLOCATION) 

P('NCH 13 
13 	F(RMAT(15X,24HARRANGEMENT SCHLUMBERGER) 

PUNCH 14 
14 	FORMAT(/,2HN0,3X,1H,A,6X,2HSK,5X,3HDRI,4X,3HDRV,4X,3HRRI,4X,3HRRV,4 

1X,3HDVI,4X,3HRVI,5X,1HR,5X,3HROH,/) 
2 	RCADI,I,A,SK,DRI,DRV,RRI,RRV 

D\iI=DPV/DI 
RVI=RRV/RRI 
Pt..5*(DVI-+RVI) 
RUH=SK*R 
PUNCH 1,-I,A,SK,DRI,DRV,RRI,RRV,DVI,RVI,R,ROH 

1 	FCRMAT(I2,1OF7,31 
IF( 1-19)10,11,11 

10 	GO TO? 
11 	CONTINUE 

STOP 
EPD 



DEPRTMENT OF GEOLOGY AND GEOPHYSICS, UNIVERSITY OF ROORKEE 
ROORKEE 

DATA SHEET N0, 1 	 DATED 
LOCATION 

ARRANGEMENT SCHLUMBERGER 

NO A 	'SK 	DRI DRV 	RRI RRV DVI RVI R ROH 
1 1.500 	6.280 	27.000324.500 	27.000311.000 12.019 11.519 11,769 73.906 
2 2.000 	11.770 	24.000 90.200 24.000 93.00,0 3.758 3.875 3.817 44.922 
3 3.000 	27.470 	38.500 31.000 	39.500 54.500 •805 1.380 1.092 30.010 
4 4.000 	49./, 50 	54.000 18.000 	55.000 23.000 .333 .418 .376 18.581 
5 4.000 	23.350 	54.000 38.600 	54.000 40.000 .715 .741 .728 16.994 
6 6.000 54050 48.000 9.400 48.000 10.000 .196 .208 .202 11.104 
7 8.000 	98,,10 	50 .000 4.300 	50.000 '+.300 .086 .086 .086 8.506 
8 10.000155,470 	55,0CC 3.000 	55,000 5,000 .055 .091 .073 11,307 
9 10.000 	75.360 	54,003 6.500 	54,000 10,000 .120 .185 .153 11.513 

10 15,000173,/80 	75.000 3.900 	62.000 3.100 .052 .050 .051 8.847 
11 70.000310.860124.000 3.500124.000 1,800 .028 .047 .037 11.657 
12 20.000117.750126.00' 8,200124,000 ').500 .066 .077 .071 8.404 
13 25.000188, 	00140,000 9.000140.000 7.500 .064 .054 ,059 11,108 
14 30,000274.,50164.000 6,500164,000 8,100 .040 .049 .045 12.207 
15 40.000494.x, 50116.000 3.000116.000 3.000 •026 .026 .026 12,790 
16 50.000777.50 	72,000 2.000 	72.000 2.000 .028 .028 .028 21.587 
17 50.000376,500148.000 7.200148.000 11.200 .049 .076 .062 23.404 
18 6,̂ .000549.500200,000 7,700193.000 10.500 .039 .054 .046 25,525 
19 89.000989.100230.000 6.300230.000 10.000 .027 .043 +035 356049 



DEPARTMENT OF GEOLOGY AND  UNIVERSITY OF ROORKEE 

DATA SHEEP N0* 2  DATED 

LOCATION 

ARRANGEMENT SCHLUMBERGER 

NO A  SK  DPI DRV  RRI RRV DUI RVI R ROH 
1 1.500  6,280  65.000347.000  63.000347.000 5.338 5.508 5.423 34.058 
2 2.000  11.770  61.000181.700  61.000186.000 2,979 3.049 3.014 35.474 
3 3.000  27,'70110,Q00127,600110,000125,500 1.160 1.141 1,150 31.603 
4 4.000  49.450132.000 82.000133.000 82.000 .621 .617 .619 30.603 
5 4.000  23,?50134.000178.000134.000178.000 1.328 1,'28 1.328 31.017 
6 6.000  54.^50136.000 43.000136.000 49.400 .316 .363 .340 18.667 
7 8.000  98,°10130,000 21,000130.000 21.000 .162 ,162 ,162 15,978 
8 10.000155,470120.000 8.000120,000 9.300 .067 ,078 .072 11.207 
910,000 75,360120,000 20.000120.000 16.200 .167 .135 ,151 11,367 

10 15.000173.480116.000 6.1.00116.000 '.100 .053 .053 .053 9.123 
11 20.000310.860130.000 40.000128.000 40.000 .308 .313 .310.96.396 
12 20.000117,"50128,000 1,400126,000 11.000 .011 .087 .049 5,784 
13 25.000188.500156.000 9.500156.000 9,300 .061 .060 .060 11.358 
14 30.000274,250118.000 5.200124.000 6.800 .044 .055 .049 13.563 
15 40.000494,550138,000 5.000138.000 5.800 .036 .042 .039 19.352 
16 50.000777,150122.000 3.000120.000 +.500 .025 .038 .031 24,127 
17 50.000376,~00270,000 12,400275.000 17.500 ,046 .064 .055 20,625 
18 60.000549,500225.000 8,000225.000 14,?~0 .036 .063 .049 27.109 
19 80.000989,100215.010 6.400215.000 11.000 .030 .051 .040 40.024 



DEPARTMENT OF GEOLOGY AND GEOOHYSICS,  UNIVERSITY OF ROORKEE 

RO0 ZKEE 
DATA SHEET NO. 3 DATED 

LOCATION 

ARRANGEMENT SCHLUMRERGER 

A  SK  DRI DRV  RRI RRV DVI RVI R ROH 
1.500  6.280138,000743.000132.000243.700 1.761 1.846 1.804 11.326 
2.000  11,770172.0001.22,700172,000142,700 .713 .830 .772 9,081 
3.000  27,470144,000153,0001.40,000150,300 1,063 1,074 1.068 29,339, 
4.000  49,4701.60,0'► 28,400160.000 31,400 •178 .196 ,187 9,245 
4.000  23,50158,000 63,600158.000 61.000 .403 .386 .394 9,207 
6.000  54,'50127,0fl0 20,500122.000 27,400 .168 .225 .196 10,787 
8.000  98,910128.000 14,500124.000 13,500 ,113 .109 .111 10.987 

10,000155,4701411,000 10,700140,000 9,400 .076 .067 1072 11,161 
10.000  75,360140,000 24,000140000 20.000 ,171 .143 .157 11.842 
15,000173,480152,000 10,800152.000 10.000 .071 .066 ,068 11.870 
20.000310.860136,0(0 5,400136,000 6,100 .040 .045 .042 13,143 
20.000117,750280,0~►0 26.700275.000 25,500 ,095 .093 .094 11.073 
25.000188,5500300.000 16,800295,0()0 15,200 .056 .052 .054 10.134 
30.000274.?50300.000 12.680300,000 9.500 .042 .032 .037 10.138 
40,000494,50330,000 8,000330,000 8,000 ,024 ,024 .024 11,989 
50.000777,150250.000 3,600250.000 4.000 .014 .016 .015 11.813 
50.000376,500250000 10,500250.000 6.000 • 42 .024 ,033 12.425 
60,000549,500240,000 6.200240.000 6.200 .026 1026 .026 14,195 
80.000989,,100245,000 6,000245.000 3.200 .024 ,025 ,025 24,627 

T 

2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 



DEPARTMENT OF GEOLOGY AND GEOPHYSICS, UNIVERSITY OF ROORKEE 

ROORKEE 
DATA ,SHEFT N0. Q- 	 DATED 

LOCATION 

ARRANGEMENT SCHLUMBERGBR 

NO A 	SK DRI DRV RRI RRV 
1 1,500 6,280 72,000140,000 72,000142,200 
2 2.000 11,770 70,000 71,000 70.000 7 4+.000 
3 3.000 27,1,.70 52.000 21.000 53,000 ?5,003 
4 4.000 49,450 46.000 8,500 48.000 12,100 
5 4.000 23,350 47.000 21.600 48.000 25.000 
6 6.000 54,950 53.000 13.000 52.000 14.800 
7 8.000 98.910 57,000 19,800 61.000 13,200 
8 10,000155,/.70 50.300 6,000 51.000 7.400 
9 10.000 75,360 50.000 18.000 51.000 25.000 

10 15,000173,480 52.010 4.400 52,000 5.700 
11 20.000310.860124,00 5,100124,000 6.200 
12 20,000117,750128,000 12,000124,000 14,000 
13 25.000188.500112.000 6.300112.000 7.700 
14 30,000274,250108,000 5.000108.000 8.000 
15 40.000494,550 96.000 3.600 96.000 2.800 
16 50.000777,150 72.000 2.700 72.000 4.400 
17 50.000376.500 72.000 3,700 72.000 1.000 
18 60.000549.00 96,000 3,000 96,000 4,400 
19 80.000989,100132,000 3,300132,000 3.200 

DVI RVI R ROH 
1,944 1.975 1,960 12,307 
1.014 1.057 1,036 12,190 
.404 .472 .438 12,026 
.185 .252 .218 10,802 
.460 .521 .490 11.446 
.2455 .285 .265 14,559 
.347 .216 .282. 2.7.881 
.120 .145 .133 20.607 
.360 •490 .425 32.035 
.085 .110 ,097 16.848 
.041 .050 .046 14,164 
.094 .113 1103 12,167 
•056 .069 .063 11.781 
.046 .046 .046 12.697 
,038 .029 .033 16.485 
.038 x061 .049 38.318 
•051 .042 .047 17.518 
.031 .046 .039 21.179 
.025 .024 .025 24,353 



DEPARTMENT OF GEOLOGY AND GEOPHYSICS, UNIVERSITY OF ROORKEE 

ROORKEE 

DATA SHEET NO. 5 	 DATED 

LOCATION 

ARRANGEMENT SCHLLMBERGER 

NO A  SK  DRI DRV  RRI RRV DVI RVI R ROH 
1 1.500  6.280152.000384.400150.000378.300 2.529 2.522 2.525 15.860 

2 2.000  11.770150.000378.300160.000189.100 2.522 1.182 1.852 21.797 

3 3.000  27.470126.01)0 69.2.00130.000 69.200 .549 .532 .541 14.855 

4 4.000 49.450130.000 36.200130.000 38.300 .278 .295 .287 14.169 

5 4.000  23.350130.000 70.000130.000 70.100 .538 .530 *539 12.82 
6 6.000  54.950126.000 28.2001.26.000 28.800 .224 .229 .226 12,429 
7 8.000  98.910116.000 13.500114.000 14.500 •116 .127 .122 12,046 
8 10.000155.470190.000 13.100185.000 13.100 .069 .071 .070 10.864 
9 10.000  75.360185.010 78.401185.000 2.600 .154 .128 .141 10.591 
10 15.000173,480100,000 4.800  25.000 6.800 .048 .772 .160 27.757 

11 20.000310.860170.0,)0 3,800160.000 5.600 .022 .035 .029 8,914 

12 20.000117.750165,000 11.100158.000 11.100 .067 .070 .069 8.097 

13 25.000188.500211.000 10.700205.000 10.700 .051 .052 .051 9,699 
14 30.000274.250126.000 4.500125.000 6.300 .036 .050 .043 11.808 
15 40.000494.5502.10.000 7.700205,000 3,600 .017 .018 .027 13.409 
16 50.000777.150215.000 4.40)200.000 5.300 .020 .027 .023 18.249 
17 50.000376.500220.000 3.800225.000 3.500 .017 .016 .016 6.180 
18 60.000549.500185.000 5.400185.000 6.400 .(1?9 .035 .032 17.525 
19 80.000989x100205.010 4.900205.000 4.900 .024 .024 .074 23.642 
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