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I

Abgtract

The fundamental theory underlying direct current
methods of mewsuring "apporent" earth resistivity and
of interpreting these field meusurements to obtein
the actual resistivities of the purts of n composite
earth is extensively reviewed. The three main types
of spparstus used in making the field meusurements,
the ‘ish-Rooney, Wepger", und "porous pot" instruments
sre briefly outlined. Considerations iuvolved in woking
a2 general design for a4 "porous pot" outfit are briefly
digcussed, «nd » detailed description of the apparatus
used by the writer is given. Field duta obtauined with
this spparatus is interpreted by the severul methods

digeussed in the liter.ture.
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TABLE 1

Some Resistivities of Common Roeks .nd Rogk Materiuls

This table indientes the wide range of resistivities
commonly found for different rock types, wnd forxr the
same roek type under different conditionsg by different
obgervers., It is by no means comolete .nd in most cuses
iz of value only in sugpesting the order of ma nitude to
be expectoed.s The velues wre teken from the following
sourcess
(a) "“ve and Keys, Applied Geophysics, Znd, edition, p. 94,
Table I. Tuoken %rom Ambronn.Lehrbuch der _npewandten
Geophysik p. 110} Sundberg, Lundberg, nnd KiUNGe -

lectrical Prospecting in Sweden pp. 11l.12%
GutenbarguLaHrguah der Geophysik p. 571

(b) 2ve and Kevs, LoCs Citse rFootnote-«Taken from
Foenigaberger, AIME Tech., “uper /125, 19k8

(c) Sherwin Kelley-.A Uniform lixpression for Resistivity
ATNT Geophysical Prospecting, 1932, p. 142,

(d) Karl Sundberge..iffect of Impreguating [.ters on
Bleotricnl Candueixvitx g@f%uila nng loeks, AL
GeophyBlcal Prospecting, L95e, p.*ﬁﬁﬂ.

(@) 7otupenko--C.I.Ts, Lecture in Course on .lectricsl
Hethods of Geophysicsl Prospecting, 1940

(f) Rdge and Lobye.I.GeaBs pe 11, Toble IT.

As  llectrolytes

Muterianl Resistivity (ohm-em.) Bource
surface vaoterss
Areues of voleanlie rocks end
crygstalline schists S % 103;-5 x 104 d
reas of younger sediments 10¥..-10" d
Seu water About £5 e
H5alt water RBewlO® e
Ground waters: 109..104 e
Normzl (potable) 103..19% £
Areas of voleanics and schists 3% x 109-.1.5 x 10% 4
Arens of younger sediments 100 and gre.ter d
Soline (1% NaCl 75.0 i 4
5% NaCl 15.0 . o
104 Naﬂlg 8425 £
20% NnCl 5,10 f
Connate waters:
Areas of younger sediments 10 and greater d
B, Metnllie Ore Minerals
Zinc blende, hematite, limonite, atibgite.
wolframite 109..106 £
Zine blende 1.5 x 108 a
Nolybdenite 1-=80 £
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M@teri&l

TABLTY I (Cont'd)

Registivity (ohm-cm. )

Chaleopyrite, bornite, chulcocite,

pyrite,

pnvrrhotite, galens,

mzgnaetite, sneculnr hemntite

Chalecopyrite

ryrite
Pyrrhotite
Galena
Nagnetite
Cuprite
Copper
Lead
Mercury
Silver

Coal
Gypsum

Vein quarts

Ce Dielectrics

Calcites (chalk, morble)
WMica (biotite muscovite)

Rocksalt (mineral)

Zulphux
Crude oil

De

10~4..1
1,0

0s 0052045
0.01

04 008~=5.0
0.6

0 Beale 0
1.7 x 106
2.1 x 10-9

0.96 x 10~4

1.6 x 106

) 9
igﬁﬁt 10
1040 1018

4
1010-17018
1017

1017..1018
1010__.1018

Qraes and Hooks

Formation with about 5% sulphides

Blendeegelens ore (Illinois, U8, A,

% to 20%
20% to BO%
50% or more

dry)

Illino’.ﬁ' UQSO.AQ’ moiﬂt)

Sweden, dry)

Sweden, moist)
Pyrite ore, dry
Pyrite ore, moist

Rockssalt (in ground)
Tgneous rocks, gnelss, schist

Igneous rocks

Granite

porphyry
Diabase, dry
Dizbnge, moist

Lnvae

102
108
103
10

1.6 x 1o§
1.5 x 103
Led x 102
3.0 x 104
1.0 x 103
6.0 x 19

10" sal

109"_10
109--10
10 5
2.0 x 10

11

Greater than 10

Voleanic rocks znd crystalline schigsts

Serpentine a.g x 18‘-~2 x

dedimentury 107 -w10
Compaet sandstuone, quartzite, recrystal
limestone about 10

Mueh greaier

(30)

2 % 10 9.106

han 10
ghan 10° o

éized

Source

CEFRODORTLEREDEP 0O OO DODO PR POREE R

(53 =
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TABLE I (Cont'd)

Material lesistivity (ohm-cm.) Source

Sedimentury {Cont'd)
Shale, undstone, sundstone, 1imaﬁt%ue,

slites 105-.5 x 10% 5 £
Conglomerates up to 1.3 x 10: b
shales up 0 145 “1&05 ¢
Snandstone 5 x 10 *310 5 a
Jandstone B¢1 x 1034 x 10 b
Jundestone (dry) up to %Oﬁ 4 e
Sandstone (moist) 3 x 10% 44 x 10 5°
Limestone 2ebH x 10Yun3,5 x 10%
Limegtone (dry) 6,8 x 10% a
Limestone (moist) 4.0 x 104 8
Normal limestone wnd sundstone
saturated with surfasce waters 105“_1%6 d
sauturated with connate wuters 6 x 10%e.10° a
Yarle, clays, sands, clluvium 4
(non arid 50$-109 f
Post o0ll sands 107.20 e
“ellow river sand 86% water 830 &
“ellow river sand 1, 52% wuter 380 a
Yellow river sand 9,5% water 956 &
Glacial drift 5x 10%.-4 x 105 ¢
Clay 4445 water 1450 a
Clay 1648% water 50 a
Cluy 2840% water 16 a
Claye mnd sands saturated with
surface waters 4 x 10% .4 x 109 d
Porous sands and cloys saturated 5
vith surfuce woters 6 x 10°--2 x 10 d
Clays and sands saturated with
connate waters 2 X% 103--4 X 102 d
Porous sunds and cluye saturated
with connate woters 304200 d
limestone, dolomite, morl, loees
saoturated with surfuce ‘
waters 3 X 105-~2 x 1.04 d
with connate waters 15..40 d
flarden soil, 3.3% water 1690 a
Garden soil, 17.3% water 60 a

(3e)
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Introduction

Geophysics or "physics of the earth" is u brunch
of seience which investigates the physical properties
of the earth. Iu its broadest sense it is concerned
with the constitution und physicul environment of the
whole e rth including the utmosphere.

In Applied ceophysies, o kunowledye of local unomae-
lies in the physicul properties of the earth is used
#8 n basis for solving geological vroblems, Tous
voriationg in the easrth's mapnetic and pravitational
fielde, locul differences in the sneed of propugation
of seismic wuves, und cnomelous wccumulations of radio.
wetive substonces have nll been meusured in the scurch
for subterrasnean siructures geologically favoruble
for the accumulution of oil.

Variations in the electrical resistivity of the
earth have been used to detect potuble water in arid
r%gimnm;rhetullic ore-bodies; to locate fawitag ~nd
to determine geological structure where conditions
moeke surface geolopic studies useless. The great
ronge of repistivity in rocks is illustrated in table I,

A method for messuring the registivity of an
glectrically homogeneous terrain wus suggested by Venner
ag early as 1915, und warious methods of interpreting
variations of "apparent rogistivity” with electrode

gpacing or locution huave been described. The porous

(4)



pot, direct-current method of meosuring uppurent re-
gigtivities requires relatively simple aoparntus and
was chosen us most suitable for illustreting the prin.
ciples of resistivity investigations to students.
This puper is divided into five parte, as follows:
ls The theory underlying direct current
mathods of earth resgisptivity investigue
tion. Chopter IV.,
2¢ Direct current methods of measuring earth
registivity und the principle iustruments
ugeds Chapter V.

3. Detulles ol construction of the uppuratus
used. Chapter V.

4, Tield use of the uppuratus. Chapter VI,

5¢ Interpretation of the field vute obiwined
with it. Chapter VII.

0f these purts, 1 ond 2 are common knowledge, wnd bused
on the literature, Part 3 is originul insofar as small
chiunges dictated by expediency are c@ncerned, snd in
nart 5,'methodw of interpretution in common use ore
applied to datn obtained by the writer in the field.

4 large and varled literuture hus arisen on earth.
registivity prospecting due to its commercial aprlico=-
tions It consists in purt of o few books cowbiuning
theoretical discussion with the results of experimental
Invostigantion, dbut mainl, of short wrticles on epeciul
phugses of the subject in several lenguages scuttered
through &« great number of diverse periodicals. .n
extensive hibliography is included at the end of the

papels
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The Theor; of Direct Current Methods of kKeusuring
Barth Hesistivity

The methods of measuring resistivity, and of
interpreting mewsurzments obtalned in the field are
busad on the tueory of flow of direct currents in
homogeneous media, and in such special cupes of
ordered heterogeneity aue horizontul conducting la)ers
snd regions separated by vertical fuults. The follow.
iﬁg pages present u review of this theory. lefinitions
and fundsmental cuncepts involved in this review aure
given in gingle.gpuced type for the venefit of readers
unfemiliar witi: the subject.

l. an slectric current is mow commonly accepted
to be » flow of emuwll units of ma tbaraéxll@d slectrons.
Theae have mdaf of about 9,00 = 10* gramg, & rudius
of about 2 x 1? 9 centimeters, and a negative charge
of 4,774 x 10-10 glectrostatic units. L gram of
alactroif in close cubic piling would occupy zbout
7 = 10~ cubic centimeters, and two grams ot & distunce
of a mgger would renel each other with a force of
3 x 10 tons, a force greate thdﬂ tht due to grovita.
tion in the ratio of 4.2 x 10 to 14/ 2lectriecally
neutral matter is cumposed of positively charged neuclei
surrounded by negatively charged electrons, and vosgitive
charges churacterize narticles of matter from which
part of the normal number of electrous has been removed.
2s The force of repulsion between any two point
charges is mpressed by Coulomb's Law

Faek e (1)

e

where U1y 4p wre the charges, r is the distunce between
them, and k is u constant dopending on the unite used.
When k is unity for ® in dynes and r in centimeters, the
equation defines the c.geses unit of electrostatic churge.

{a) Jeans - Wlectricity cnd Wagnetism. pe 20

(6)



If the two charges .re of opposite siygn, the force is
sttructive. :

3, The force ncting on un electric charge is the
veotor sum of forces acting due to the presence of all
other charges distributed throughout space, and ut
every noint of srace a vector muy be drawn indicating
the direction nd magnitude of the electric force
whieh o unit nositive charge would oxperience if it
were nlaced at that noint without chunging the pre-
exigting charge distribution., This force is called
the electric intensity ond is represented by the vector T

4, A guantity useful in solving problems of
electrostatice and of steady current flow is the poten-
tial which is defined as the work required to bring a
unit nositive charge to o oovint in space by any path,
against the forces exerted on it by the other chuarges
in the fields Tor a given charge distribution the
notential varies only with the location of the voint
and each noint in HZuclidian spuce is churacterized by
a gingle value of potential. The potential is defined
ns zero at un infinite distunce from a charge. FPoints
having the same potentianl lie on equipotential surfaces
and no work is regquired to move & charge from one point
on an equipotential surface to another. The gradient
of this scalur notential field is & vector field giving
the magnitude and direction of fustest increase of
potential and this direction is perpendiculur to the
equipotential surfaces.

Bs A charge at a Hoint of given potential is ucted
upon by a2 force directed tourd points of lower potentiul,
nnd if the charge is free to move it will tuke = puath
normul to the eguipotential surfaces so that the direc-
tion of the lines of force (or line of flow if motion
takes pluce) is onposite to that of the grudient, Thus
the electric intensity at an, point is the negative of
the gradient of the potential at the point, or in vector
notation ~ _

B = VYV (2)

RElectromotive force is o force which produces an electric
current and is messurad in terms of the potential
difference of points between whieh the current flows.

The volt 18 that potential difference usgeinat which one
Joule of work is dome in the transfer of one coulomb.

B ia commonly expressed in volts per centimeter.

6« The quantity of the c.ges. unit of electric
chorge is derived from eyuation (1), but the pructical
unit of electric charge is the coulomb, and is defined
a8 the yuantity of elsctricit, required to lLiberute
«001118 grims of sillver from a solution of silver
nitrate wccording to certain specificutions. A coulomb
is equal to 30 x 10? e,8sus und esch is made uo of an
integral multiole of the churge on o single electrons
The practical unit of current, the umpere, is = flow of

(7)



one coulomb ner second, snd correspounds to the motion
of 6.3 x 1018 electrons per aegond,

7« The direction of the electric current ig tuken
by convention to be opposite to the motion of electruns
and corregponds to the direction of motlon of eguivalent
positive charges. t any voint in svace the wmotion of
electrons will be iu » given U1ractian and the current
will be in the opposite direction. The current is &
vector guantity having direction and mougoitude, end
if ut any veint o ceoordinate s stem 1s met up it cun
be resolved inte components purallel to the coordiaute
axe8, The direction of the current ls normul tuv the
plane through which the greatest number of elecirons
pass at a  iven point, and the current density is o
veotor guantity in the direction of the eurrent with
magnitude equal to the nuwber of .mreres which » .88
through unit crose section areaj e.ge the number of
coulombe which pass through 2 square centimeter in a
gecunds The relation between current nnd current density
ig exoressed b, the eguation

I = _jk‘da s J: cosi(n,i) ds (3)
where 1 is the current, i the current density of
magnitude i, and (n,i) the angle between the direction
of the current denaity and the normsl to the purfuce
througsh which the current flow is tokens

8, DRlectric currents will flow only through electrice
circuits, Eleectrons truvel in c¢loged paths, from
2oints of one notentiul to those of lower ,otentinl,
nnd baeck to the original veoint, the electrical energy
required to reach the originel noints of higher potentisl
being furnisghed by chemical or other meuns., an electron
will be driven by an applied electromotive force to a
point in o solid conductor onl); when other clectrons
formerly at that point have been driven to yet unother
point by the same force. .

9. A conductor ig = body through whieh motion of
»lectrong can take places .. dielectric is o substance
through whieh no motion of electrons is possibles In
nature, =11l materials will permit some flow of electrons
if under o sufficiently large electric iutensity so
that in practice, distinction iz between good con.
ductors and poor, rather than between conductors and
dielectrics.

10 A line of flow ig &« linme drawn in o conductor
such that =t every point it is tungent to the direction
of the current at that point., A tube of flow is =
tubular region of infinitely sm:ll cross-section
bounded by lineg of flow. ' No current cun cross the
bound ries of u tube of flow, .nd the apgresute current
flowing scross #ll sectionsg of the tube is constant,
and =« measure of the sirength of the tube of flow.

(8)



11. HResistance is the property of conductors,
genending upon their dimensions, materiuls, wnd temperw-
ture, which determines the current produced by o given
difference of potentinl. The practical unit of resis-
tance, the ohm, is that resistunce through which .
difference of notential of one volt will produce =
current of one ampere. It is defined by the Chm's
Low equations

A= B/I (4)

R is in ohms when ™ is in volts, I in amperes. Con-
duetance is the reciprocal of resistunce and is exw
pressed by the reciprocal of the same equntion :nd is
messured in mhos for ® in volts and I in wmperes, In
linesr cunductors the resistence is preportivnul direct-
ly to the length and inversely to the cross section of
the counductor.

RzeL/A (8)

and this eguation defines the resistivity se resistapce
of a body of unit cross section znd unit length at 0 C,

e = H./VL ‘ (5&)

then R is in o'ms, in square centimeters, ond L in
centimeters, ¢ is expressed in obhm.centimeters. Olher
units in use .re the ohm-meter eyuzl to 100 ohm.centi-
meters, .nu the ohm-foot eyual to 30.48 ohm-centineters,
Conductivity, O, is the reciprocul of resistivity. A
three dimensionsal body may be considered as made up

of linesr conductors or tubes of flow und Chm's .uw
tukes the form

-

{203, or Bsel (6)

Derivation of the Polentinl TFunctions und [xpressions
for iarth Registivity - "

It is not vossible to measure earth resistivity
direetly, snd it is necessury to express the resistivity
in terms of mousurable quentities, so that it cun be
comnuted from measurements feusible in the field.

Infinite Homopeneous Medium

We will first congider the c¢.ge of n infinite,

homogeneous medium of uniform resistivity § into which

(9)



a current I is introduced at a puint source and from
which the sume current flows by o »oint sink. (Figure 1)
The potential .t znmy soint other than the source or
sink may be derived from the following conditions:

(1) The electricity must flow in continuous puths.

This may be expressed

givie0 or Veizo (7)

or since I =0 ® and 0 = 1/¢ is constant,
O VeE = 0 {8}
and since B = .UV | (2)
~OV-VV 2 0 or VRV = 0 (9)

which ie Laplace's equ&tion,

(2) The current diverges rudiully from the noint

gource and converges radially towurd the point

sinke The actual current density ¥ is subject

to the condition V*I = 0 und may be considered

a8 composed of two current densitles iy and ig

due to cgrrent iaauing from the source, und thuat

leaving ot the siuk respsctively provided that
Ve(ly +1Ig) =V13+VeIz =0 (10)

This will be true provided VeT1 = 0 and Veis= 0.

The actual potentinl V is the sum of potentiuls

V, and V

1 2

11 g -.U‘V'Vl, 12

(3) The potentiul must vionish .t infinity at least

whiech may be defined by the equations
- wG_VVg-.

as fast ne 1/r where r is the distance from the
source or sink to the point where the potentiasl

is measured.

(10)



Diagram explaining sym bols used in deriving potential
jn qn infinite homogeneous medium

Figure [



If we consider the source shown at Cy in Figure 1
a8 un origin, then at a point ¥ on a sphericol surfuace
of radius r from C) the current density of entering
current will have @ magnitude I/4Tr® snd the direction
of the unit vector &p.

I, = (1/anc®) &, (11)
If the sink shown as Cp is taken s origin, the current
densgity at o« similar point 4 due to lewving current
will have mognitude I/4vr2, snd direction -&p.

fo = -(I/%mTE] ey (12)
substituting &y /¢ for Iy in (11), and VvV for By,

we have
-VVi/fe = (1/ame) 8y (13)
or in enherical coordinutes ufter multiplying through
i&,é; + 77’%”‘8 + TN e Tﬂf’€e¢'° N rk14)
From this 1t follows thnt 3o é%f O and equating
coefficients of ey
P LI &= = (15)
P Qe
from which Vy & €1/47wr 4 C - (16)

3ince the potentisl is defined to be zero as ¥ becomes
infinitely great, C = Qs By the g.me process,

Vo ¥ -€I/47 (17)
| Differentintion shows that‘vgvl :'Vzvz = 0 satisfying
condition (1) so that at a point Py, ryjy distunt from
C1 #nd rpg dist:ant from Cp

Vp, = é"wll/‘iﬂﬂt‘lzlb - el/4wryg = (€1/4vf1/xyy - 1/ryp)
(18)
(11)



That this is the reyuired potentic.l ieg guaranteed
(since it satisfies Lapluce's equntion and the boundury
conditions) by the Uniyuensss Theorem which suys that
two solutions of lapluce's equation th.t satisfy the
boundury conditions can differ only by an additive
constant and this con be set to zero. Jimilarly ot Py
Vp, = @1/a)(1/rey - L/ryg) (19)
Subtracting (19) from (18) we h.uve
- Vp, = (€1/47) (/711 = 1/ryg - L/Tpy + 1/Egg)
(20)

v

Py
This 1s .1 expression reluting the resistivity t¢ the
current, potential difference, and various distonces.

HSemi Infinite Medin&

fowever, in order to gain azeccess to points Cy, Cp,

Pl and Pp for meupurement it is necessary to consider
the cuge of w homogensous medium extending infinitely
in all directions below & bounding plane. Above thia
plane we postulate w medium of infinite resistivity
which is well zpproximsted in practice by the alr.
If the point source and sink are located in the bounding
plane, since all current enters the semi infinite medium
through hemi.spherical surfaces,

il 5 (I/Eﬂra) ;r! Ig & wﬂl/ﬂwra) Er
and equation (20) becumeﬁ(a)

Vpy - Vpo = €1/20(1/r31 - V/ryp - 1/re) + /rgp)
(21)

(a) For unother derivatiom see Wenner, F» - UsS, Bureau
of Standards Bulletin #258, 1916 -~ A Method of Measuring
Barth Resistivity - Vol, 12, Xo. 4.

(12)



1f we consider the points Cy, Py, Py, Cp to lie on a
straoight line separsted by equsl intervale of length a,
ss shown in Fig. (2a), ry, ® a, ryp = 2a, rp) = Za,

Too ® @y and (21) becomes

Vo, = o, = (c1/20( 1/ - 1/2a - 1/2a + 1/a)
= (Rr/em)(1/a) = €1/2m (22)
This is Wenner's Wormula, and when solved for the
resigtivity takes the form

€= 2ma Wl’l - -pg)/x = ZmaB/I = 2rak (22a)
where &, Vpl = Vpgo and I are ull meusursble wnd in
pructice Gl is the current znode, Cgy the current cuthode,
and points Py, Py are occupied by potential electrodes.
In the lLea-Partition method, (Fig. 2b) a third potential

electrode Py is inserted half way between Py und Pp so

that
vpl - vp5 s(er/2m{/a - /2 - 2/3a + £/3a) = €1/4ma
(23)
snd € = 4ma (Vpl - I‘,,‘25)/1 (23a)
and similarl = dra (V, -V, )J/I (23Db)
sad similaxly e ( ps = Vb, /

The equation for the resistivity when one of the current
electrodes is moved to « great distunce (single electrode
probe method - Fig. R¢) may be obtained from evuation
(21)s When ry1 = &, Ty 00, Ty T b, Tgy 509,
g'r[fl/ﬁwﬂ(l/a - 1/20) = €I(b-u)/2Tab (R4)
ez 2mvsr/(b - a) | (24a)
It should be noted that in the ubove derivation € is

assumed constant in nll directions throughout the medium,

(13)
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The current snd potentizl electrodes ure ussumed to be
infinitely smull and on the bvl.ne boundary surfuce
between the two medin, and the .ir ie ussumed to huve
infinite resistivity., Furthermore, it is ussumed that

the medium oects as » metallic conductor being unchonged

by the passage of current, that no current is druwn

from the potenti.l electrodes in measuring their potential
differanaé, and finally that no other currents or noten-
tinles than those sostulated nre presents

Ghnrwctaristica of the Potentinl nnd Torce Fields in &
Semi-Infinite Nedium

Bafore considering some of the effects of verintions
from these wepsumptions which occeur in field oractice,
it ie instructive to consider certain churncteristics
of the notential in a spemi-infinite medium, |

(1) 1If the current and notential electrodes in
the Venner eonfiguration nre interchanged {Fig. 24),
the difference of potential for s given current between
the inner electrodes is fha gume o8 would be'aet up
between the inmer electrodes by the same murrent in the
normal configuration. This follows from‘ureaﬁ'a recip-
roc.tion theorem'®) und holds for any distribution of
resigstivities in space. 1t may be seen for homogeneous
media by substituting the new vulues ry = a, ¥g = B8y
rgy = 2, Tgo = a in equution (21)

Vp, - Vpg ® ( ex/2w)(1/a - 1/24 - 1/2a - 1/a) = €1/Rma
which is equntion (22), so thnt the resistivity for both

the 'Yenner and inverted Wenner configurations is given

(a) Jeans, ilectricity and Jiynetism - p. 92
Schlumberger, Cs and schlumberger, M., AeTl.WE,
Geophysical Proapagting 1932, ps 134, footnote 1.
(14)




by equation (22a).

(2) The potenticl can hove o moximum value only at
a current source, and z minimum only &t & curreni sink,
Laplace's equation prohibiting the condition for an
extremum--that the second purtiuls be all negntive, or
n1ll positive. This will held for any distribution of
the resistivity in the ground ug it follows from
Vei = 0 which holds for o stendy current in any type of
mediunm,

{(3) 1t iz instructive to investigute the equipotena
tiol surfuces and lines of flow in the cuse of o semi-
infinite medium given .bove. The equipotential surfaces
msy be found by putting the expresgsion for ootential

gqual to & constunt

v =(¢1/27)(1/ry- 1/ry) 2 K (25)
or singe €I/27 is « constant,
/ry - 1/rg = C (26)

¥rom Figure (&) it is evident that the potentinul
is symmetricsl ambout the X uxis, us the pmiﬁt P ean be
rotated about the sxis without changing the values of
ry or rg, snd us equipotenti.l surfuces ure therefore
surfaces of revolution about the X axis, they may be
visualized from thelr trace on the X.Z plaune. The
slope of the tangent to the equipotentimd lines is glven
by |

dz _ xlUx - d)2 4 22 3/2 x - d)(x®
dax 2 (%% 4 z%<) '5'/‘"J [(x.. " +21J

obtained by differentinting (R26a) (below) with reepect

to %, =nd for 2 = 0, and finite x # 0 or d, the lines

(15)
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approach the x axis perpendicularly. The slope of the
tangent to the lines of force or linga of flow at a
point in the X% plane nay be found by substituting the
coordinates of the polint into the equation

B u_ﬁé‘: 2 [(x - &)34~z%]5<? - (%% 4 z“)ﬁf? }q 6)
By ¥ x[x =~ a)° + 2207 = (x = d)(x° + 22)5/&

This shows for 2 g 0, and x any finite volue other than

0 or d that one line of flow ls alons the X axis., It -
will be seen from a comparison of equations (87) and (28)
that the lines of flow, and of eyual votential aré
perpendicular as thelr slopes are nogative roeiprocnls
aof oach oﬁher. Figure (<) showing the nature of the
equipotontial lines in the 1«2 plane for the case when
the dlatance d botween the sourece and sink vas taken as
10 units is sketched from the values of ¢ eomputed by
substituting values for x and z in formula (26a).

= 1/{x2 ¢+ g2 ) -1/ |(x - a)2 w~a%] (26a)
The lines of force were then drawn poerpendicular to the
equlpotential lines., [From the closeness of the spacing
of the squinotential contour lines one can get an lnprese
glon of the gpacial variation of the field strength and

of the eurrent density which is proportional to it.

The distribution of current in the rround is of fundemental
importance in determining depth of penetratlon and resolve
ing power of resliastivity methods, These problens are
dlecnsosed in some detail at the end of the chapter, bub

a fow concluslons which may be reached alter an oxamination

(16)
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of Firure 4 may be mentloned here. IMirst, the equipotenw
tial lines are crowvded together nocar the current source
and sink. This is one reamon for not using the two=elegw
trode method, which measures the potentiel and resulting
eurront between & single wair of electrodes in the
cround as the greatest part of the voltase drop for a
riven current tukes plaee very near the electrodes so
that the resistivity measured is that of the small region
at the gurface (iroctly surrounding the current staloes.
The depth of penetration is therefore negllglble vhatever
the aoount of seperation of the stakes,. HSecowdly, the
field varies almo:st linearly along the part of the line
between the eurrent eleetrodes from 3/10 to ?/10 of
the ¢igtanee frorm one to the other. Plaeing the potone
tial elecbrodes in the central 2/5 of the eurrent sproad
ag in the Wenner coniiruration is therofore desirable
ag it redueces the error introduced into the calenlation
of the vesistivity when they ere shifted somewhat fron
Cthelr normal position, I they vere nearer to the
cnrrent oloetrodes a shift in position would result in
a largoyr differonce between the measured notential
difforence and that whieh would be measured with the
eleetrode nositlon assumed in the resistivity formulae.
It is also apporent that the iield bocomes rapldly uni-
forr bu. very weak with increasing distance from the

gource and sinlk.

(17)



To return to the problen of experimentally determine
ing: elee rical resistivity of the pround from surface
noasurenents, we have found that

Sju, Zra E/I (33&2
for the Wenner conlfiuration wvhen it 1z assumed that

1. ‘The eleetrodes are on a plane surface bounding

the cend-infinite medium,

2+ Current and potential eleetrodes are infinltely
srnll.

3. The resistivity of the air 1s infinite.

4, § is constant throughout a senmi-infinite medium.

5, The eonduction through the medimn is meotallie.

6., No current is drawn fyon the potential electrodes
in neasurin. thelr potentlal difference,

7. Thore are no potentials cet up by other charie

acowrmlations or currents,

Lffeet of Brror in Assumptions

In practice it u&u&liy‘ha%pens that none of the
geven ascunptions ig strlietly true.

(1) As it 1z diffieult to make proper correctlion
for toporraphy, lines sbould be nade ss lovel cs possible
in roueh country. The efieect of mmall topopraphle
irrornlarities in even oountry is not serious,

{2) FPFinite size of the eleeiroies is not a verio s
caure of error If thoy are small with cegpoet to the
elecirode geparation a. Iu,éarlier not ode of inter reting

(1%7a)



field data 1t was nocousary to usc very small electrode
separations to determine the suvface reslstivity and
yueh dif¥ienlty was experienced in petting relioble
values, but with the now wniversally used superposition
methods the use of small spreads is not neceussary, It
is common practice to water the electrodes in planting
therm to sxpedite the dlpging of holes, and to cut down
contact resistance i¥ the surface materieal is hard or
dry, This inercases the cffoctive diameter of the
electrodes to a foot or more, and for that reason it
is desiraeble to hive the eleetrode interval "a" at least
ten Teet.

(8) As no appreciable lonizatlon of the air takes
place, its resisgtivity is so preat that no aprroclable
crror iz found from the fact that it is finite. It
ocours in the formulae in the form

5 gir ™ 5 aerbh
Sair + 5 earth

which is assumod unlty. *f-?air a 1000 fé&wth' the ratio
is 999/1001 and the error is only one part in 1000,

() The ground is not homogeneous, and oven in
the simplost ceoloslcal case of two rock layers such as

erystolline bed roek and overburden there are commonly

(17v)



irregularities in the resistivity which may tuke the
form of severszl parallel lavers, or be so irregulur thut
no theoretical inter»retation is possible. In non-
homogeneous ground, the messured value 2ma B/I no longer
is » truve resistivity but a complexly and irregulurly
weishted average of the uctual resistivities. It is
therefore termed the upparent resistivity and denoted by
eﬁ, The mathematicnl oroblem then arises of expressing
the sctual resistivities in terms of the measuroble
apparent resistivity. This has been worked out for
various cuses including the cuse of any number of psrallel
layera und the cape of o vertieasl fault, The cases of
two and three rock layers will he treated here us they
heve been quite largely used in interpretation of field
duta and have received much attention in the literuture.

Method of Images in a Semi-Infinite Nedium

Before turning to the case of two rock layers (which
becnuse of the air is u three layer physicul problem) it
is instructive to rework the csse of the semi-infinite
medium to illustrate the peneral method of attack,
Consider all space to be divided into. two regions of
resistivity 61 and €g respectively by » horizontal plune
boundary surfnce (Figure 5)e Toke X and Y uxes in the
plene and & 2 axils positive downward. The potential at
any point in the first region is denoted by Vi = Vi(xi,
¥is 21<0), that ot w point in the second region by Vg =
Volxg, ¥g» Bg >0)s Postulate w point current source of
strength I at C(0,0,23) =nd a corres)onding sink at
C (x0,0,28g)¢ The potential Vj must now satisfy three

(18)
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‘boundury conditions ns well as Lailuce's eguetion
V&1 = 0. These ore

1s At two infinitely close points on opporite sldes
of the interfrce the notential must be the p:ame e no
finite work ig done in moving electricity on infinitely
smiall glsteonce from cne noint to the other. Thercfore,
at & = 0

Vl = Vg

2+ All the current which posses through onc side of
unit crew of the interfiace must omerge irom the other,
or at Xy = Xg, ¥y1 ® Yo, % w 0, 1y, = ipg, where i, denotes
the component of current censity in tihe direction of
the pogitive ¥ axis in the first medium, und 1., that in

the second medium(®) op

A V.
e By _6?__')__&
iz ® 2
o W n e

3¢ The potential must wvanisgh nt infinity at least
o8 Tagil uall/r.

The oproblem of findiug the potential whieh will
potisfy Loplace's equation and the two boundury econditions

From these two lows muy be derived

the laws oi refruction for lines

of forece ot the interfuce. From (1)
V2 Ve

)5 s
where 8 is any direction in the
boundary planeges
Fiein®] = JRpsinbs {29)

rrom (2), €oliycoa®y = Cyligcosdy (30)
Dividing, tandy/Cly = tunBn/@; or tun®y/tunfgy = €5/0)
(3i)

(19)



ig solved by the method of 1mag@a.(“) The material of ressnviry
ins replaced by material J?T?;? and « current source of
unknown strength kjI is placed at Cg, as far below the
interface on & line CyCz perpendicular to it us Cy ia
avove it, and a eink image of Cg is pluced similoarly at
C4e The potential Vq at any point Py(xy, y1,» 2)1) in the
first region is then thought of a8 due to the combined
currents of the real snd image sources und sinks in a
gingle infinite homogeneous medium of remistivityfﬁ‘
Vg at any point Po(xn, yos %) in the second region is
thought of a8 due to u single source at Cy of strength
kol and sink at Cp of strength .kol in the same infinite
medium, The unknown constunts ky wnd kg are then deter-
mined so as to satisly the two baundgry conditions, while
thé form of the sotentinl 1s that known to satisfy
Lapluce's equation in « homogeueous infinite medium.
Vy = (§1/47)(1/ryy = 1/ryp) 4 (GR1/47) (1/7yn - 1/7q,)
(32

Vg = (CkpI/4m) (1/rgy ~ 1/rgp) (33)

or in cartesian coordinotes

. Pp I( ) ) - f. K. T ! P
3 m—— — = B - b e —_— T *
y' N 1zo7r ;x.—x.)’+7.’+fz.~2a)‘) F A (i) o)

(32a)
= btz ) o
e GEESFIEFE? 32352335255,) (33a)

To satisfy condition 1, st 2 e 0O, Vy = Vp
(€11/4M(1 4 k1) = €kol/d4v  or kps 14ky  (34)

(a) See Jeans, Nlectricity and Mognetism p. 208,
Maxwell, BlecLricity fn_nﬁ“f“""r',m metism, 2nd ed. Vol. I,
Ppe £28, 404,
or 3rd ed. Vole I, p. 435,
Enrenburg and Vatson, A.l.Mss Geophysical Pros.
pecting, 1932, p. 420.

(20)



To satisfy the second condition differentiating fuVy and

GIVQ with respect to & nnd equating gives

P,_P,I" ) 2 3 ) __’____l__
Jar (22) Gz ~ 555 ) + . (2 zo) s ~ 7k )= __ﬁ‘_, fE (2-2,) ( e /:,’) radi

Putting x1 = Xg, ¥1 = Yo %) = 2Zg = 0, we huave, gince

ry1 ¥ riz * Toyem Tip T T14 T Typ

Colkia)=—€ i, . - cop K (lr)=p._@  simce Wa= 1K (36)
g0 that Ky = 5% (36a)
kp = 4vz (37)
For w point A in the interfuce,
I T (38)

If in partieular we teke two points, Py(a,0,0,) and

Pol(28,0,0,) snd put fi See, 25 2 0, x5 = 3a

Y, = Yog ﬁ(ezi/ﬁ'ﬁ)(l/m - /28 ~ 1/2a - 1/a) = Ppl/cma
(22)

a8 found before.

METHOD OF imnces 1~ THE CASE OF Two HoRIZenTaL LHYERS
In the cnse of two rock 1ayera(a) the process of

finding the potential is complicated by the presence of
two bounding planes, and two sets of houndory conditions,
go thut the imoge whieh will satisfy one set disturbs the
potentinl wt the other boundury.

In the physic:l cuse shown in Higure 6 it is cone
venient to take s8 origin of coordinates the real current
gource, a 2 axis positive downward, and sn X.Y axis

parallel to the beds. The whole epace is again regurded

(a) This case hus been worked out using images by
Edfg@ and Laby To G Be 8o Pe 255, 1931
Hummell - Z&%taehrift fur Geoohysik, Vol., 5, p. 89, 1929,
Or As1ls Me % GeoONVeicual -rogpecting, 1932, p. 400.
Lancaster.Jones~~The Vol, 43, July, 1930,
Pe 19.

ning Magazine,

(21)
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ag of resistivity €y, 'nd the potentinl is modified by
a peries of images to satisfy the boundury conditions.
If an image of strength ks, T ie placed us shown to
getiefy conditions at the A boundayy, and an image of
kﬁll to satinsfy the B boundary conditions, other images
kp, and k,, must be used to nullify the undesired dis-
tortion of the A bvoundery by kBl and of the B boundary
by EAI» These in turn‘diaturb the conditions wt the
boundaries, and so on. The potentinl, however, ie
approximated more ond more closely by successive sets
of imuges, and is accurately given by an infinite series.

The potential in the three reglons is expressed as

Voo PT [t M N
k2 [‘JX SegE 2 X+ 4z ) ]‘39)
l )
+ = I S ==+ __ i "31_77 N -
‘/W [ x1+."z+(z'gzh+1=l) ) {W":1+_'(z’;thr— *+
Ix* 1“1. +f2 +za) X+, "r (Zit2h)® :
(40)
fI ' I
Vo= T [ e+ o = t = or ——— +-]
2 ‘7‘71' K ?‘719 ""Z: f)T:’+‘I:+(z,+zJ)m X;‘-&-?“’* (Z»,, +2 }1)1 ( 41 )

where Xg, Yoo sy are the coordinates of any point in the

region of resistivity (p und the constunts sre chosen

to satisfy the boundary conditions

1! VO L4 Vl :
MV _ g I,
24 f ﬁhﬁéﬁ,S

3 vl = vz'
AV
)C;- 32, ! 32 S

when 2y = &y = h «d, ¥

when 27 % 2p = -4, X7 = Xq,

y1l = ¥o-

Vi = T
.xl ® nat

__E_A;’___,q + - h’m ]
1, Vo = ‘7'7r [“- Sttt dT St I (d-2h)”

| + Kh

'fﬂ“ T T
(X 9+ (dtzh) 67 (39a)

V =

?W‘ AT R

(22)

Wo + Wwe PR o/ ———— 'z-f-—,-‘?
fX,, +4° -r('d—zbj" m'zi—(d*'ih) = (403')



Equating coefficients of like terms,

= e ¥ . ‘
ko, =1 + k'p, (41a)
kpy = k'py + K'py (41b)
kpg = k'ag + k'p, (41¢)
| B2 [ =k (-d) ~ty (d-2h) Np (~d=2HD
20 544 - it [ a7 S e G " (42a)
2_‘/_ JO'PL M”)_ g Znikp(, Wia) — [~d-24 Kh’éx_.}fgz' L
L2 G I T Y e G T g (dean 7 ol (43a)
Again equating coefficients,
kg, =F(1 - k') (448)
2
Kk " L}
k‘Al 7’9‘( Ay k 2) (44b)
ky,, l_f(k’ o = ¥'ng) (44c)
3 ﬁr I+ba . K e K _ J_@_—tﬁgzd,h o mm ob
' Ve TUT G0 hovteilind) | TxEras s (o on ;7 (401)
V1=&£ Kz KBI h/-,_ 45 = =
LR ATy ENTeTT i re vy £975 (hed)" m\ j (41a)

Bguating coefficients,

kg 5 14 k', - (45a)
kg, = k' k! 45
By Ay *X'my (45¢)

) ' f _ (ffn
__, }’fr ~Gd)[)=¥%) . =[b=d)ks.-Ks) _@ﬂj_,_;‘_,_ﬂz)j‘ j
o w2 EAETA ) T T e ) T O 9= Y 464.)

i, B 3 Sh) M) Zfd-h) (= Kesd s,
i g7 /. ?ij(:':)t]% [xf“:;t o thr ) 17 o C1-3h)] ”J(“a)

Tqusting Cuefiicienta;

ki = ‘r (1 - k') (48a)
kBl = Tr(k By - k' Ag) (48b)
kp, = 3 (K'gy = K'4.) (48¢)
From 4la snd 44a we have
2f

kOl «W = kl +l

(23)



PW“PI = v
k"al = W kl

Prom 41b and 44b

k'EE = kyko ko(1 ~+kl)

From 4le and 44c

&
=
]

1. & 1 4
k'p, ® k1% ky o ® koky(1 +Xy)

Trom 45a snd 48a we have
2.5
kyg 237, F kg +1
el -9 =
k Al 531‘-,_9( E = k2
Trom 45b and 48Y%

H

k""&?‘ - klkg kﬁ
From 48¢ snd 48¢

kl(l -4 ka)

[ 1]

k. ko2
k1% kyy = Kykpld 4 1)
The mrmeaioua for the matential then become

= {H— + . Hah o

Bare reas LY% "‘7 A ”"‘*To‘*"@“z"*“ K= +;. Py -
's:‘f;Tr J—— 'v‘_+z._. Ll 5’:7 ‘«y-&,'fli?'_____..;. h‘,n’;r ,(sgb)

*+7, >+ > G2he2d]” Ty el 2R I—‘+‘1, (7, ~h+2d)*> "
o,
4 — - + A, T .__.?Lix___.
I’Yl"‘f ‘1 l-’-(y?rfzd-)‘— ‘l'fl" +(z,+zb) * Vi~ +'f, *+(z 11)#"‘)’]
{40¢e)
Y A
PSRN CAST J (41b)
These series c¢can be summed in the form
V= BE nm)[ e T
‘(W Z 1-_(”1 +(Z='~71M) L\I-X. ‘F"’ +7[z“—~1_/y\h f-jd)" (393)
' g "I7T{ [ 'q_’(' h"-..;_ TSl P —
e R f—*"l  Z +tnhzd)
a8 P -17 i ]
'Il"é’ W’a"f&‘,-ZmA +ZJ)’ Jx -,.'-j .,[z,+7—wu\ }
(404)
e
1_ K l( rnv- i

’J Z, [n?’»r = {zt,&gmh) mfz -}-th-rzd) (410)

If we now include the effect due to & sink at Cg, we must

add &« term of the form:

(24)



.__91:{5—[ g7 K +_f&j_51’11'.#—

o t,) oz B Gk )+ 1 #embe2d]

! nom” M g
i ﬁl"'XJJ1'+'1 1‘(2"2”"""'14)‘ ‘(Kr X;)L‘f"h‘ +(z:+2/1h 3

(49)
1f we now put fp =2, d = 0, then k, = 41, und the
origin moves to C”l, kg >k = 3%%}’— » and at a point
P (a,o 0) in the B interfuce distsnt a from Cy,
[Y-4 K™ ==
VF' Z‘” *t(zmn)* Lia *+ (zmh)* ZJW’*(zmh) Z.l’l{q*-k(zm 59“} {50)
. -
'*fﬁ‘{a”*zf— m za /—’: m»}
= S o N (508)
. {;+‘f§ﬁ’ vrz:?;’r’ m’i)“_}}
(50b)
and at point Pgy(Za,0,0)
Ve - {Z,W ZWW Lm z,m' (51)
{;; “’a’f*ll[m - WJ} (51a)
a
= VfFf {~’~9Z__l( [/-——‘-—”E;—_‘; - ! .J
o T+(* ) TG+ (2]
Vr.*\/P,’ i}; { I+ '12’{ L5 H-fw%.»)‘— _ﬁﬁ(ma)‘]}
(5ic)
vpl - Jp2 s P1/2ma (1 + 4F) (514)
§q =Py (1 4 4¥) (51le)

The seriles -

5, 214 47 (s TR EE)
where k = %L?L converges, and hag besn evoluated for
sgsuned vilues of h/a und ke The voriotion of :&Aﬂ'with
h/u for different values of kX is used in the interpreta-
tion of field datn discussed in o luter section of this
puaper. The convergence is slow, and the QValuutioﬂ(a)

is tedious, @0 that it is instructive to consider =n

(a} Roman..U.S, Bureau of lines, Tech, Paper #502, 1931
(25)
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alternative type of solution(a) which makes mechunical
evaluation nossible. This is especislly important for
three und more rock luyers for whieh the seriocs solution
is more cowplicuted, *e wlll rework the case of two
layers with this method for the suke of compurison.

INTEERAL METHOD /N THE CASE OF TWo HoRZ2onNTRL LAYERS
Cylindrical coordinates .re set up (Figure 7

with
origin. at the source, & 2 axls pogitive downwurd, and
an v (=(x® & yg)ﬁ) axis in the boundory plune. Ais the
potential is s mmetrical about the % axis, lupluce's
equation in ecylindrical coordinates tukes the form

PV oLy, gy
P v v

(9a)
A golution is sought of the form
V » U{r) '3 g <0

e Ulr) e=™® 2z >0 (52)
where ) is o positive rexl number

as the potentinl must vunish for 2 infinitely large.
If the value of V in equation(B82)is substituted in
equution (9a), there results

SV, LIV 4y O
et Far T

(53)
the Bessel's equation of zero order, whoge solutions ure
two kinds of Bessel function series denoted by ¢b(ar)
and Yo () « In this ocase we are concerned only with

the geries

dtar) = (54)
We now have particular solutions of the type
V= i) €72 z 7o
Az ,
V=dorac) @ Z£Q (52a)

A general solution is found by summing particular solu-

tions multiplied by arbitrary functions of s nnd the

(a) This caase im treutad(by)@llendorf. drdstrome, p. 69
26



infinite sum of molutions vith different wvilues of » may
be repluced with the integral formes (Hankel's or Bessel-

Fourier integrale) X
V= j; e Jolar) € 2d)

V=[P suretda z<o (55)

zZ Yo

where C, ©()) , 40) are to be evaluated to fit the boundary

conditions,
veber(®) hus shown that
S i) €A A= o= = % (z > 0)
lﬁl(ﬂ?@Azd): 75%55;" v (z 0

80 that in the cause of & semi-infinite medium where V=§%%
c- £ ... owsl

In the two layer case, the potential is regarded as
made up of a primary part (thst set up in aun infinite
medium) modified by a secondary potentisl due to the
boundaries,
/ -4 gf(»r) eMdr + ("o, i) €20 + 5,,7,(;)‘).,(”)@"24,1}( 56)
V, =
?r {5Jap)e AN+ [0, 00 e OR €N 1+ (B0 ) € 4 (57)

- ?,:1:
; {f Vobrar)e 224 +5 0.V ) e 2AA + Sy G Mdrr) e*an( 58)

Since the potenti.l must upproach zero as % becomes
infinitely large, Vg cannot contain a term of the form
J:oeo Oy do(rr)e*d . us 2z is negntive, Therefore @y= 0,
Sinmilarly ¢,= 0

When z = 0, V1 = Vg or d= § +o, (a)
F—VE £ %’Vz'f and since fiiafar)e’i\=;zkz,—’.g——,)= o for z = O
AV d=-2Ce +ag g, or ¢o;€'(¢,~e) (v)

(a) Gee Webster, Partmai Differential Squations of Mathg-
matical P Physics - p« 120,

{ omy



B Y
When & = h.g Vl = Va 6 e Ak +‘¢/ E’M :az— &

- 2Ny Ah
V. i . ol é;_—‘ r + ¢I —Ah _/.62_6 _] o
oz fgl, ge™ o™ ¢f’k") fle (o)

&, - 3’;‘—[”9' s ) =l

(d)
; P+
Bquating (a) end (b) pives ¢, =6. j{%ﬁ (e)
_p _-22h
Bquating (¢) and (d) gives @ - 64 6 r‘h?f%c (£)
Tguating (e) and (f) gives
Fm-'-ﬁ =2xh
é = ]'l-_"'.fj 6 ;
£+ £ =k e
ja"ﬁ ja-"'f' '_re—lr\k
G % P_/—‘:_‘i—_-/
If we now put f -« , &, becomes —r e  h
_ Al
WHEAE K= 7 +f'
g0 vy (e) h=26, uvy (a)
o, -6 (re=*") by (c)

9 )\Z r\L
"'\/’ :%{foi[hr)e—)‘zp’A +J; C)o(hf’) —I—-‘_":I;C_T_— (€ ) 5{/\}

For the potential due to the sink, o term mUBt be udded

of the form

V - i}()ﬁ (M:l"—d) e 4!\ +5 Ja(r\(l‘—t‘)) -,’KC—-ﬂF (e —'Az) JA}

where rg is the distance from source to sink

Thus at P, (r = 2, z = 0), with rg= 3a,

(=3 as -z,\l-,
Vs = i’a—%{f Tk ba-beagildh +2. Tl -deGorat] — S O‘f\}

The seriee form may be gotten from the integral form

—2 Ak W* c—")hh + Kz,e—chh Jon e
by expunding 7oe=w - 7€ 7T

‘e aah - K .
V 8 {ﬁ—il‘; "'Zj Uo(na) L€ Mz e P T dx *2\,[-)» (za) K€ i e""i’--—]d,&



* i " P, 5 W o o - T
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7T &« = (52)

The came for n layers hus been worked out by both the
image and integrnl mahhoda(a) nind in:particulur, the
integr.l form worked out by Sehlichter for the cuse of
three rock layers hos been evalumted:by vetzel and
MaMurray(b) on the differentiul Hnul§z®r(¢)¢ Equﬁtions  
for the upparent resistivity have uvlso been worked out

for the caose of anisotropic 1uyers(d), a vertiecal fault(e),
and numeroﬁa others which will not be considered here.
These expressions for the notentinl are wleo fundumentul

to other surfuce notentiul methods such aus the potentisl.

drop*ratiéfind potential prudient methods(g).
(5) The fifth assumption made in deriving ' emmer's

formula thot conduetion is metallic is not generally true

#8 in most cuses the current is carried through the ground

L T T . I . I

(a) stefanesco and Schlumberger-~Jour. De Physiyue et Le
Nadium, Yol, 1, series '7, 1939’ P 1321'
Gehlichter, LeBs--Physies 4, p. 307 (1931)
ihrenburg end vateon««A, IeM. % Geophysical Prospecting,
1932, p. 423 ’
b G‘eﬂp-hyﬂies, Vol. <y ].9;5'?, Pe 5"?«9.
V. Bush--Journul, Franklin Institute, 212 (1931) p. 447.
1”‘11"0?1,— Bulle Jiwihe Peln (1955) Vol, 19, i’yl, 3757
Schlumberger, C.dd,, Leonarden, A.I.l.:l, Geophysical
Progpecting, 1934, p. 15H9.
(e) wMdge & Taby, I.G.BeB., p. 252
(f) Lundberg & Zuschlug, AeIsMe Bey Geophysical Prospecting
| (1932) p. 47
Hedstrom--}ining Magnzine, April, 1932, Vol. XILVI p. 201.
{(g) Heiland..N.R.Ce Pt. II, 1037, p. 581,

(29)



by salts dissolved in the ground wuter, and obeys the
rulea of elsetrolytic conduetion, The conductivity of
the rocks is ‘herefore a function of their porosity und
permeability, and of the presence or absence of suluble
valts within the rocks which may increase lqeally the
pumber of ions in the ground wuter and consequently

(a)

the conduetivity. lectrochemical studies have showﬁ
that when metal stake electrodes .re used with applied
voltage avove w certuin value (of the order of magnitude
of @« wvolt) further increase in voltuge will result in
proportionate current increase, mo thut Chm's law huldss
The failure of Ohm's luw for voltuges lese than the
eritical value, ig due to the development of & buck

eeme £y due to anceumulation of ions at the electrodes.
There is also &n increase in contact resistonce ut the
electrode due to formation of gne films, etec. This pheno-
menon of & back or polarization voltage hoe negligible
eifect on the current and potential distribution set

up by the upplied e.mfv whtich ic lurge compared to the
critic«l vcltage. It has o lurge effect on the difference
of potential mengured between ﬁhe potential electrodes,

ag the nolarization voltage often amounts to several
hundred millivolts, and 1s of the order of mugnuitude of

e Poteptial e Jectrades

the potentinl difference aset u%Xﬁﬁ"%he applied current,

(a) Sundberg--A.Il.¥.%,, Geophysical Prospecting, 1932
Pe 567
Fritecheellagtrotechnische Zeitschrift, Vol. 58,
1937, Pt. I, De 319,
(These theoretical and experimental studies show
thut the problem is gquite complicated.)

(30)



To eliminate this effect, ue well as thot of the palvanie
potential commonl, set up between the two potential
stakes becuuse of difference of the churucter ol the
electrolyte at the two pointa, it is customury to
commutate both the applied and resulting voltages, or
to replace the metal potentisl stakes with non.polurizing
potential electrodes, Carl eruu(“) encountered this
trouble in 1882, in the Comstock Lode, und remedied it
by using zine electrodes in » solutiun of zine sulphote
in a seml permeable goutskin bag.

¥ost workers have used coover rods and & saturated
aolution of copper sulvhate iun porous c¢luy pots ueg
originated by Jchlumberger. The maturated solution ensures
both potential nots being at the same concentration
after n current hus passeds This is the method used by
the writer.

According to Dr, Potmpenko(b), the use of zine wund
zine sulphute in place of copper and copper sulph te
may be more uatisfactory in some types of goil. lHe
2lgo hag found thut if o %ighyinput resistance is put in
the potential cirecuilt so thut curgent flow between the
potentinl electrodes is very amall, it is possible to use
a more dilite solution of wbout 1/7 saturation concentra-
tion of zine sulphata.. Thie low concentration avoids the
clogging of the onorous walls of the clay pot with sulphate
crystuls which WQuld Ploek the interchunge of iouk between
the pot and the ground and prevent equelizing of the
ia} U. B4 Gs 5. Nonogroph 73, Chupter Xe
b CoT1Ts =-Lecture course in electrical methods of

seophysical Prospecting.
(31)




potentiuls of the pots in the ground., Unfortunutely the
vriter -ae not aware of thig until aftexr the field work
had b:en completed.

(6) 1If much current is drawn from the votential
electrodes, the flow will raduce thelir potentiul difference
and = low reading will result, This effect is more
serfious when the potential electrodes have a large
contzct resistance ws the potentisl difference between
the two contncots in the instrument where it is meusured
will be smaller than that in the anetuul ground by an
IR drop, most of whioh 1s in the contuct resistance.

(7) The final source of error is the presence of
potentianle not considered in the theory. These may bve
clussified for our purpose z& due to (1) spontuneous
polarization, (B) instrumentsl leukage between circuits,
and (€) other cuuses, both natural snd artificial,

(A} Sponteneous polarizufion ig known tu ocecur
in sulphide ores of s pyritic nature, in anthracitic
conle and graphite bearing ores, pyrrothite deposits,
and in peat boga(a). Iu the cege of the gulphide ore
bodies, the upper end undergoes oxidation becnuce of the
cround water and becomes the ne utive end of the boudy,
while thie lower end is reduced Vbecoming positive.
current is thus set up from bottom to top of the cre
body through the ground, snd sets up o votential field

similar to that artifieclslly produced by xn upplied current.

(a) Tor a diseussion of spontaneous polurizution, see
ReCo Vellp--Zleectric 'ctivity in Ure Deposita, U.S.Gi S
Bull. B s b8 4} '

901dini~—GQOUhXﬁiﬂdl_JﬁElQEﬂ&igg by spontu
zation Methods, Mining lagazine, 1938.1939

LIX pe 278ff, and p. 347ff wnd 1X, p.w2 und p. 90
(32)




Although this hae o disturbing effect on resistivity
mengurements whieh may be serious unless the applied
current is lurge, it hus zlso the cdvantuge that if no
current is applied, the potential grudient due to the
polurization (which muy be as large ws 25 millivolts per
100 feet) cun be measured, wnd a "neyetive center" of
potentiul will be found over the ore body.

(B) Leakuge between the applied voltugeg onud the
geparate cireuit which mensures the e.mfy between the“.
potentiol electrodes will be serious according to the
magnitude of the leskuge, but is ne ligible with proper
construction of the mppuratus, |

(C) Other wuteutimla(a) will have an effect depending
upon their mognitude. To eliminate the effeet of uni.
directionsl direct currents, the upplied current may
be zent through the ground in both directions. Iun any
cage it is well to use lurge 4pplied wouliages so that
the effect of undesired potentinls will e relutively
pmall,

Depth of Penetration und f[esulving “ower

In concluding « discussion of the theory underlying
earth resistivity mevsurements it is well to cunsider
the guestion of the depth of penetr.tion wnd t e resolving
povwer of rostivity-deoth profiless In gencoral, the
greater the alectrode seporation is mude, the deeper

the current penetration and the deeper are the regions

(a) Clsh znd Rooney have made extended ctudies of
naturzl carth potentials, and interesteod resders ure
referred to the bibliogrsphy ot the end of the paper.

(33)



which contribute to the walue of the aprparent resistivity.
tish and ROnney(a) have found empirically that for a
Wenner conficuration the depth at which a dlecontinuity
opgeurs is egual to the eleectrode separation at which a
turning point oceurs on the appurent rwﬁiativitywel@ctrmda
separation curve. This hasg been froguently substantiated
in the course of reslstivity prospecting, but very oiften
is greatly in error, Twg and otheys heve developed thes
oretical methods of detormining the depth to an interface
in the case of two, three, or more layers in terms of the
electrode separaetion, and it may be seen from egquation

5le above to depend uron the valuess of the resistivities.
The ﬂohlwmbnrgmrs(b) have found that for many practical
applicationg 1t 1o sufficlently aceurate to consider bhe
apparent resistlvity to represent a layer of earth to a
depth about equal to & the separation between the current
electrodes, dr 5/4 the Wenner confipuration separation "a",
Lancaster Jones!®) estimates the depth to a horizontal
discontinuity as /3 of the electrode separation at which
an infleetion point between points of maximum curvature
oceurs on the electrode separation-apparent resistivity
curve., An explanation for the valldity in many causes of the
eprroximation that the depth to a discontinuity 1= roughly
1/%3 the Jistonce between the current eloctrodes may be

imf K T L E, trécphysical Pronpecting , 1925, D G
b) A.IJLE., Ge~physical frospooting, 1932, D. 134,
{e) 1ining lagazine, Vol. 43, p. 22,

(B4)



seen Trom the following amalywis.(a)

The magnitude of the field at a polnt r, distant
from a current source of strength I on the surface of a
seri-infinite medlwn is E,= 257+ and thet from a corres-

ponding sink n distent from the point is EL=Q%%§1 « The

magnitnde of the resultant field 1s Efﬂ/5f+€h?fzévﬁz&”“w%

Since cos (£, F, i%f%?;——é~—-whﬂra L is the distonce between

] e
ource and sink, £ = 2&- |/t 7f7—5%%§;and the corresponding

-~ . The current

ourrent density is i-3
density in the medlan plane perpendicular to the line joine
ing source and sink at its midpoint m is found by putiing
r,=1;::'(%f**ér where h is the distance in the medien plane
from the wmidpoint m to the point ab which the current
dengity 1s desired, The equation then reduces to the form
(h=3;25%%;q¥§?? The total anount of current flowing through
g semi~cirele of radius h in the medlan plane with m as a
center is then ;iven by the integral ]:giX%hW+wM which
zives the expresslon T, = (- W}. This ourrent (5 about
1/10 the total current when h w L/4 and incresses to more
than ¢ the total current when h s L and to about 3/4 the
total current for h « 2L. The ratio incroases fastest
for an increase in L/L &t the point of inflectlion found
by puttin@)h(I) ﬁ*”u) ~78A’hrvt:Y%“0from.wLioh h/L is
found to be 0.354, If now a dlseontinuity at a certain
depth h ig considered it follows that the spread length L

at vwhich a chanre in L will cause the rreatest change in

(a) Dr, Fotapenko, Leeture Course in electrical methods of
procpecting.
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the amount of the current down to the depth of the dilgw
continuity is h/0,354 or about 3h, and the break in the
$aL curve 15 to be expected at this ratio of L/h, This

is only approximate as the preosence of a resistivity
discontinuity was not postulated in deriving the ex ression
for the current density and also beecause the Tormula
holds exactly only in the median plane. Iowever it is
found to be of yreat velue in determinivg the bust of
several possible interpretations in case of ambiguous date
as digecussed in Chapter VII, When the ratio of resistivie
tles at a diceontinuity is very much different from uwnity,
the brealr in the resistivity-electrode spresd curve tends
to come at values of L corresponding to larger values of
L/h, so that the values of h ;iven by the approximation

are too large.

Evjan(a) has congldered the case of n horizontal layers,

defining the depth of penctration as the denth to or below
which exactly & of the total ecurrent penetrates. In the

case of a pomi~iniinite homogeneous earth, this

(a) Geovhysics, Vol. 5, 78, larch, 1038,, pe 78,

(34p)



depth is equal to & the distance between the current
electirodes, [le undertukes td find a theoretical value
for the depth factor (ratio of depth to » diseontinuity
to the elactrode sepnration) for wvarious types of electrode
configuration assuming a horizontally layered earth, and
a polnt source of current (Figure 8).

i'e counsiders the function -

%%G?ﬁ)zhmvsr-Wd~§% =2r2;ﬁ§%$=

where V{r) is the potential on the surfuce of the ground
due to the point source, and hy is the depth of the image
of atrength €4

The series is then transformed into an integral by
means of the definitions

Image density g{z) = 0 for z £ hp

lime g(z) = =© for z = hy

hnfﬁ
fg(a)dm = 2€,
bﬂ"d
g0 that
W(r) shtBAEl . dz
+ B°

and by defining the sum of image densities to s depth z by

6(2) = [el2)as

he obtuing

W(r) is now regarded ns = weighted averuge of the sum
of image densities G(z), greatest weight being given to
the depth given by moking

_rz

(r,1+'zi)3lz.

a maximum, This is found by setting

2 .
:;% ,—r’:}z—)r)ro to be 2z, = xr//2

and since images appenr at twice the depth of the inter-

face to whieh they oare du?. %he depth factor is taken ws
- R .
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a first approximation to be 1/2/2, By replacing the

welght funection

. £z
QG - [rsz_,;zt)3li

with more sharply pe.ked functions formed from higher
derivatives of Yg with respeet to r it ip pousible to
inerease the resclving powers In partieular for u
wenner configuration he finde a depth foctoxr of about
/3, i.@s "when s layer is present in'tha ground guch
that the surface log of apparent resistivity has o
maximum or minimum, this maximunm or minimum usually
will come st o total eleetrode sprend which is about
nine times the‘dapth to the upper interfuces”

In gensral the vertiocal resolving power will be
grenter, the grenter the discontinuity in resistivites,
and the shollower its depths The depth fuetor will de-
pend both unon the megnitude of the imuge deunsity sums
and the weight functions, whicﬁ in turn will depend
upon the magnitude of the reeistivity discontinulties
and thelr depths,

The resistivity metheod hus o much greater resolving
power for horizontal changes in resistivity which muy
be found by moving the set-up along the surfuce, and is
especinlly useful in engineering foundntion problems,

nnd in seekiny the surfuce trace of buried faultse

(36)



The res.lving power will also depond on the location

of the eleetrodes. If the potentisl electirodes ave too

far from the eurrent electrodes their notentlial difference
will be very small, and changes in potential difference
due to chanre in their location will be very difficult to
measure accurately. For example, in the Wenner configura
tion, the potentilel difference for constant current is
inversely proportional to the veparation "a", 1f & single
current electrode ig used and the potential eleectrodes are
kept a constant distance apart and moved farther end farther
away from it, the voltage between them 1s inv.orsely pro-
portional to the square of the distance to the current
electrode, If the potentisl electrodes are too far lfrom
each other, the volume of pround whose resistivity is
measured {(the volume between the equipotential surfaces on
whioch the potential electrodes are located to a depth of
about the distance between the current electrodes) will be
sa larce that the measured avnorent resistivity will be
inzensitive to a small increace of slectrode separation to

inelwle a small volume of material of different resistivity.

(B6a)
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Design and Commiruction of the ..pparatus

Ag shown in Part IV, the “uppurent resistivity"
from which the true distribution of resistivity in the
ground is obtained requires the measurement of (1) the
strength of a direect current, I, applied to the ground,
(2) the resulting potential difference, 1%, which the
applied current sets up between two potentinl electrodes,
and (3) varioua distances between electrodes.

Two separnte cireuits are thus necessary, of which
one applies n voliuge of desired magnitude to the current
electrodes, and meagures the strength of current resulting,
and the other measures the potentinl difference, B Bow
cauge of the neceselty of eliminating the adverse offects
of polarizastion, galvaniec, and other potentiule present
in the ground, and of tuking us smull n current us
possible from the potentizl electrodes, meveral modifi.

cations of each circuit are in ume.(a) The Giahw

(a) In addition to the ingtruments mentioned in the
text, there iz the new more complicuted egquipment de-
signed by Jukosky Ffor continuous profiling. unly one
electrode is moved sand thie, one of the two current
electrodes, is u radloally projecting blade on the rim of
the repr wheel of o truck which is driven ot speeds up

to seversl miles an hour while o continuocus record of the
resistivity is made, (Jokosky,J.J. (eophygics III, 2,
Yarch 1938, e 1300) ‘

Somewhat different types of zpparwtus used in two
other surface.potential methods are the "racom" which
messures potentiul-drop-.ratios from which resistivity
ratios are obt.ined, (Lundberg and Zusehlig, AIME "Geophys-
ieal Proapecting” 1932 p47, Hedetrom, The NMining liagazine,
April 1932), and the 'reslstonce-gr:diometer' by which &
"higher derivative of the surface-.potentisl function is
meagured in such ¢ manner thut the depths to formution
boundnries ~re resd directly from the instrument without
conversion." (Heilund, Trans. ‘m. Geophs Union, NeReCs
1957. Pt II, P» balg)

(37)



Roonwy(a) apparstus uses "B butteries us o current source,
and to reduce the effects of polurization, reverses the
direction of the zoplied current through the ground ot

o desired frequency of the order of 30 times per saconds
This is accomplished by putting one half of = double
commutator in the cireuit beotween the battery and current
meter, =nd the current electrodes. In the secondary
cirecuit, the potenti=l difference to be mensured is
opposed by the e.mefs 0f & potentiometer through a
gulvonometer ueed a8 2 null instrument, The potentiometer
is adjusted until the meter shows that no current is
flowing in the cirenlt and the potentiometer reading then
glves the desgired voltage. The measured potential
difference must hﬁ'ﬂpplied to the circuit alwuys in the
game direction, and for this rewson, since 1t reverses
direction with the applied current, its polurity is kept
correctswith the other half of the double commutator.

A condensger is inserted in the potentinl eircuit to
eliminate stray direct currentsa.

In the Mﬂgger(b). an ingtrurent commonly used to
deternine insulstion resistence in electrical machivery,
the source of acplied current is a hond driven direct
current generator wund the current ig reversed with a

double commututor as before.

(&) Purther detuils of the deslgn 0f this npparatus are
given in U.8. Putent 63895, wwrm ocounts of ite field
uge are [ iven in papere by Cish and Rooney and others
ligted in the Biblicgraphy.

(p) A more detailed deseription of the 'megger' is

given by Drysdale snd Jolley in their "“lleetricel

g : Instruments® Part II, pp. 385.388 and 398, 399.
Accounts of field use of the instrument may be found wumong
the papers listed in the bibliography.

(38)




The current snd voltage are not measured separately
but are pnased through the current and voltuge coile of
a gilvanometer which records the rutio directly in ohus.
Originnlly no potentiometer was wsed, and potentinzl
electrcde stnkes as much as 12 feet long were sometimes
necegsary to reduce the contact-resistunce voltage drop
between the ground and the instrument.

hen non polarizing electrodes (cvescribed below)
are used, it 1s no longer necessary to commutnte the
eurrent, snd the electrical nppuratus is simplified by
replacing the double commutator with reversing switches.
General) Considerations

In designing apparatus for measuring resistivity,
the following factors wre to be considered,

1« Range of wvaluee which will be encountered.

2¢ ‘ccursey deeiruble.

3« Convenience for field use-~ruggedness

4. Txpense.

In this cuse, low expense and ruggedness were con-
gidered mwost important, becsuse, ns the apparntus is to
be used only occasionally and then for student instruction
there is no demand for extreme accuracy or grest range
of valuea. AB 1t worked out, stock instruments borrowed
Irom the Physic& department were used po wyoid unnecessary
duplicution by the inatitute, and the runge, wsccuracy,
and field convenience of the upparatus were c¢ontrolled
by what wos availables

"he quantities whose range should be congidered nre
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the electrode geparation a, the upplied current I, and
the potential difference X,

The value of = is governed by the depth of penetra.
tion demired, sand the only requirement placed on the
anpparatus by larger values is the necessity for longer
cubles connecting the electrodes to the instrument.

The Culifornia Institute of Technology Division of
teologleal deciences kindly made available the use of

1ts 1931 lodel ' Ford stution wagon (Fige!5) oripiually
outfitted for eismograph use, =nd this wae equipped
#ith four ocable reels mnaking nossible Venner separations
of 350 feet. 1In the fleld tests made it wsas not deemed
worth while to increase this sepsration, und the con-
siderable expense of buying cable wus suved.

The values of & and I occur in the ratio /T = R
Nost values of R found from the gresnt asmount of resistivity
prospecting thut has been done fall in u range of from
0 to 300 ohme. The instrumental value of R was limited
above, by the use of a Leeds and Northrup student
notentiometer, to 1.6 volts, and below, to a large
enough value (from about .010 to «200 volts dmnenﬁing on
looal eonditions) so that polarization aﬁd other disturbing
potentials would not couse too large o relative error.

The value of current should be limitaed to 200 millimmps(a)
to avoid excessive drain on B butteries, dut in the

limited smount of field work done, no appreciable weur
on the batteries was noticed with oceasional currents of

«7 amps. The lower limit of current is flexible, and

{a) Hawkins-w-.l.M.R Geophysical ‘rospecting, 1934, p. 117.
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should be large enough to overshadow the effects of
nzturel potentinle. In the variet, of nluces at which
meagurements were made, the extreme values encountered
were

8 200'; R = 0,073 R = 046 voltasy I = «6464=NHear Deluno
« 020 Tolts pz}lﬂﬁﬁf c:klif*

a 2 R2'; R = 15003 B2 40funl = ,0006a4m Near Victorville
on grunite

o determination of the nccuraey of measurément
was mode, but the error wans probubly not greuter thun
teun percent, und beczuse of the inacurszcies inherent in
making theoretical interpretutions of duta obteined
from » heterogeneous terrain it is likely that incrensed
accuracy in meassurements would be of no real value.

Detoniled Design and Conatruction

The deaign used 1s tuken in outline from uan m:tiala
by %R, Sheperd(8), but the details huve been dictated by
expedience, nnd the ideas of other writers have been
used occnsionally. The reader will bé aided in following
the eusuing description by consulting Pluate I at the
end of the paper,

The Primary Circult

For a current source, B8 22.5.45 volt Burgess heavy
duty B batteries (B1, Plate I) were connected in series.
The negative terminal wns connegted to the moving contact
of o 17 point non-shorting type yaxley selector switeh,(Sy)
and a wire from each of the‘poaitive terminuls was soldered
to one of the stationary contucts making poaseible a range

of spplied voltage from 224 to 360 vults ut 22& volt stepu.

(a) Trans. am, Geoph. Unione-H,RsCs, 1035, Pts I, ps 78s
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Figure %. Primary cireult unit; battery box with
current meter (M;, Plate I) and coutrols on top,
switoh 8, on side above handle, and reversing
switeh 8% to which current electredes are con-
nected wnen in use velow awi vo the left,

Figure 10. Open battery box showing heayvy duty
B batteries, voltage selector switeh S ot
right, and rheostat RH at left, on top.



In nddition the negative terminul wus connected to the

off nogition of the selector switch so thut naturanl

earth currents could be measursd on the milliommeter(ly)
in the cirecuit. However it was found that with the high
stake contaet resistance in the circuit the current
resulting from natural sotentials was foc smull to measure
on a meter with 1 milliampara full roanges

As a precaution against too great a current at 224
volts in case contact und ground resistunce should full
to a value of s few ohms, a 500 ohm rhecetut(RH) was placed
in series with the batteriess This proved convenient
for making smnll adjustments of current when the resulting
PeDs had gsueh o value that the bulance point cuame at
one end of the potentiometer mslide wire.

Tor meaguring the vilue of applied current it was
originally intended to use » multir.nge instrument with
ranges of 10, 50, 100, 500, and 1000 milliamperes., The
extension of range by u series of external shunt resistors
of accuracy a8 high as called for by that of the meter
1s not expensive, und the cost of meter and shunts with
24 puaranteed accuracy should run about #15,00. Ilowever,
it was found expedient to use two borrowed meters with
« 150 and{.vso amperes full scale deflection, Thesme were
~dred to » switeh (S8g) so that either one could be put
into the circuit st will, When small currents were to
be measured, one or the other meter was repnleaced by the
10 milliampere meter used in the conditioning eircuit

demcribed belows
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The two ends of the purt of the cireuit described
(battery, selector switch, rheostat, meter) were then
connected to the two center poles of a double pole,
double throw porcelain buse ecopner knife ewitch(Sy)s
Crose connections were mudelga that the polarity of the
two end poles connected to the current electrode cables
could be reversed.

Noe« 18 Tirex portuble 5.J. cord two conductor rubber
insuluted cuble was used. The two conductors were
shorted together where they wer counected to the
reversing switeh, and at the opposite end were attached
to the female part of an ordinary domeatic‘attuchment
D lugs

The male counterpuart was then attached to one end
of & few feet of cuble whose opposite end was fustened
to u current electrode stake (C1,02).

The stukes were of two tkﬁas, one of 14 x 1% x 3/16
I section iron, the other of 1% x 14 x 3/16 asngle iron.
The two types were made because of the desire to see
which type would have the least contaet resistance,
Although, unfortunately, no comparative tests were mude,
whutever small difference may h@ve'exiated wag of mo
practical importence in the course of field work. Two
gatukes of each type vere made enabling two stakes to
be conneeted in parallel at each electrode position,

The stakes were about 18 inches long pointed at one end,
The other ends were cut to the proper size so that the

three end points of the angle or tee would lie on the
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circunference of & circle a little larger thun the inner
edge of a 2 inch steel cipe The cups were then hammered
on, the edgea of the stoke cutting through the soft
lining muterinl containing the threuds. The cups
formed  solid surfuce lurge enough teo hit solidly with
the 6 pound sledge used for driving the stakes, In the
course of field operntions several of the cap tops split
where the top of the stuke cut inte them, wund one was
replaced. Nowever, it we:s found that the iron ring

left when the cup top broke off :erved sufficiently to
keep the stuke tops from spreading, and no difficulty
aroge fro pou»ding on the stonke tops theuselvas,.

A hole was cut in each side of the ungle or in
the stem of the T below lhe cap, and a 3-foot piece of
elothes line wus passed through the holes and tied.

The rope wuas looped nt the other end to form » handle,
wnd nroved a convenient means of pulling out the stnkes
once they had been loosened by tapping their sides with
the sledge.

Some trouble was at first experienced with the
manner in which the short length of cable was cunnected
to the stakes, A brass bolt waus placed through u hole
in the stuke below the cup, snd the cuble wire was
wound wmround the bolt between two wushers wxnd tighteuned
with a nute This connection cume loose every time a
stoke was driven., This was remedied by spplying w thick
cout of solder with a hot yus flame. This kept the
washers, nut, and cable firm indefinitely, but trouble
now wrose from sunupping of the cuble where 1t wus
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Figure 11, Angle iron current electroie stake with
gteel eap for driving, apd rope for removing Ifrom
the ground.

Figure 12. Potential electrodie; aspheult coated
porous elay pot with paper cap to keep the cable
from twisting and vo keep dust from the copper
electrodie and sulphate solution.



weakened just outside the connection by removal of the
insulation, heuting from the éulhevﬁ snd the continual
twisting. This wus fixed by soldering the cuble euds
to o thin steel lug which kept the cuble from twisting.
The lug wag theun éaluﬁred firfmly to the stake, snd
strengthened with o bridge of solder sbout the size of
the cable.

These slakes worked well, but had o high contuct
resistonce in dry ground. This was reduced by souking
the ground uround the stakes with a solution of salt
wuters In one cage, where the set up was on solid grunite,
o satisfaetory contact weis obtained b, layiung the
gtakes on cloths svuked with salt water and welghting
them down with sl.ibs of rocke.

Potential Circuit

The The potential circuit consisted of non poluriging
electrodea,vawitchea for seleciing (when a lee Coufigura-
tion was used) the electrodes whose potentiunl difference
was to be meusured, a switch for reversing the direction
in which 1t was aupplied tu the cireuit, u potentiometer
cireuit to produce an opposing voltage of known vulue,
4 oull indicator to show when the two e.mif.'s were in
balnnce, and a key to moke and bresk the circuit so that
current would only flow instuntuneously when the system
wag out of balance

The non-polsrizing potentinl electrodes (PI,PE,PB)
consisted of porous nots containing pure copper pipe
in & saturuted solution of C.P¢ cupric gulphute with
an excess of crystuls. The pots were ol ungluzed por-

celuin 76 mm. in diumeter, 3/16 of un inch thick in the
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walls, and 177 mm. in height. To avoid excessive loss
of solution by evuporaution the outside walls were suturated
with & solution of wsphalt in xylene so that the cutside
as dry except for the untrested base which wis wetted -
by the copper sulphate solution inaide.(a) The coat
of usphalt »enetrated perhaps only « fifth of the vay
through the walle, and several pots svlit when excess
pressure was placed on the solution becsuse of hydronulie
setion by the fluid im the pores of the wolls. The pots
were graently strengthened by couting the inner wulls
with the usphult, thus keeping the solution out of their
porea. The presence ol the inmer couting of uephult
did not noticeubly increase the size of the polerizstion
potential. It wus found in working in dry oreas that
contanet resistance was too high with only the bottom
of the cup wet, WNew pots were .ssembled with only the
upper half of the pot costed with sophalt so that when
the pots were planted in holes liberally sprinkled with
& awlgtion of technicsl powdered copper sulphate the
increased contuct svren grestly reduced the roesistance.
This method of waterprovofing the wualls proved verxr)
convenient., The asphalt dissolved ropidly in the xylone,
and when applied to the pots with o puint brush dried so
rapidly that o thick coating could be upplied und dry
within sn hour,

The copper electrodes vere cut from « single piece

of 4 inch i.p.s. electrolyvtic copper nipe, the commercial

{a) Purtly gluzed pots for electrodes wre avalluble
commercially from Geophysical Instrument Company in
Washington, D.C. wnd from Coors in Doulder, Colorudo.
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grade being fortunately more than 99% pure, mo that no
special treutment was needed to avoid "locul wction" po-
tentials between the copper und metallie impurities such
us zines 1l clectrodes were cut from the some plece of
vipe to insure uniformity. The' were sbout 9 inches
long, with holes cut near the end immersed in the solu
tion to obvtain the lnecreused elecirochemlcul stabllity
of having an almost doubly large contaet surfuce of
golution und metal with the sovlution filling the interior
of the pipe too. The bottom of the pipe was raised
sbove the bottom of the pot by »lupging it with o cork.
This wae to prevent the possibility of hoving the copper
in direct contact with the solutions of dissolved enlts
in the ground,

The solution was mude up by dissolving C.P. copper
sulphnte crystals in dietilled water until 1t wus suturated
and .an_ excess of crystuls remﬁined. This ensured the
poty belng ut the sume concentration of selution wnd
avoided the notentinls set up by o concentration cell.

The pipe was kept vertical in the middle of the pot
by pussing its top through a tight hole bored in the
flut cork which fitted into the top of the pot und
senled in the solution. To further prevent evaporution
and leskage, the cork was dipped in a bath of melted
puraffin to seal up its pores, snd a thick coating of
"air-tite" auto-top seuler wae pleced over the cork,
especially at its junctions with the pot walls, und with

the outeide of the pipe., 7This inexpensive gsubstunce
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has the desirable properties of staying fluid in o tube
indefinitely, and of drying to a smooth-surfuced, rubbery
congistency after wbout 24 hours exposure to the alre
It will form a wuter .nd air-tight seal indefinitely
and yet the cork was easlly removed by a gentle pull
when the pot was to be recoated with asphalt,
The upper end of the ‘ipe was sealed with a cork
when it was not used for filling the pot with solution.
The upper end of the pipe ubove the pet waes grooved
and & hole bored through it, The two strunds of copper
cable were pussed through the hole und wrepped in the
groove to form the contucts In later pots o thin-walled
copper tubing was used, and the cable was attwched to
a broass bolt passed through o hole in the tubings. The
contact potential between the brass and copper was
negliszibly emalls To keep out dust and to keep the
cable from twisting, a tin cun'waa-placed over the
upper end of the pipe bottom end up, so that the cork
in the upper end of the pipe wus fustened to the bottom
of the can with a small woodsorew, and the top border
of the can was pressed agauinsgt the top of the clay pot
with a flexible collar of 20 guuge copper drawn together
and tightened with =« bresge bolts. The calle was pussed
through » rubber grommet in a hole in the top of the cun
walls This proved unsatisfuctory both because the solution
of copper sulphate in which the pots were kept would
aplash against the tin cover, with danger of golvunic
action disturbing the potential equilibrium of the pots,
and because the copper collar put too great a preesure
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on the clay pote

The can was then repluced with o large inverted
tapered paper cup which wus held in pluce sufficiently
well by the cable pessing through a grommet near iits
vottom, and by the friction where it slid over the top
of the porous pote

To the other end of the cuble attnched to the pipe
was attached the male port of an wttachment plugs

The pote when not in use vwere kept in o saturnted
solution of copper sulphate with excess of erystuls in
a & gnllon stone jar, and the terninals were shorted
together with = double socket to keep the pots ut the
pume potential. The pote were kept tight in the jar by
wedging in pleces of paper and cloth so that they would
not jostle and break In trunsits To prevent eplashing,
a plece of 16 ounce canvas folded to four thicknemses
wis placed over the jar and securad by n piece of wire
wound zround the jars upper circumfereunce bengath o
small projecting rim.

The pots proved very durable, noune bresking 1ln the
field work, even though two were kuocked over by inquisi-
tive calvea, It wus originally planned to have double
chombered pots of the T.G.H.58. type used by dge and
Luhy(“). in which the chember in contact with the ground
containg gelatin sonked with the copper sulphate solution
80 that there is less lose of copper sulphate into the
ground, and less chunce of leaknge. However, no double

chambered pots were availuble, and the oroblem of cutting

(a) I.G’;E-SQ;&-’Q- 238 (T;}ape Pf‘)
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a piece of clay for a partition und cementing 1t wus
given up after o few uttempts as of more bother thun use.
Yortunutely, it was found that the pots as constructed
could be used several duys without refilling so that the
caopper sulphute expense was not excessives

In some loculities, the ground waes sufficiently
moist so that the pots could be set directly upon the
ground surface, In sandy soil, & hole several inches
deep was scooped out with a trowel and filled with an
impure solution of copper sulphste. In a set up on
granite, the pots were set on pieces of cloth souked
in copper sulphate.

The other end of the cables, to which the electrodes
were conmecled in use were counected to two single pole
double throw switches(84,85) in such a menner that the
potentiul difference between any two of the potentinl
electrodes in a Lee Configuration could bve spplied to
two end poles of n double pole, double throw switch(Sg).
Thig switeh was cross wired so thut the potentinl could
be thrown across the two middle poles in either direction.
This was necesgary in order to huve the ground potential
spplied to the null instrument always in the sume direc-
tion (opposed to the potentiometer e.m.f.) whatever the
direction of wupnlied current, or pair of electrodes
used. The two center poles were then connected to two
end poles of & second double pole, double throw switch(Sy)
so that when the switech blaudes were thrown to this end

of the switch, the porous pots were thrown into the circulit,
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When the switch was thrown in the other direction, the
potentiul of & standard cell or “culibraution circuit”
(see below) was npplied to the cireuwit and used for
sdjusting the variuble resistance (RB) in the potentiometer
cireuit.
The potentiometer circuit (Plate 1I ) consisted of

a Leeds snd Northrup student potentiometer,(?) two
dry cells(Bg) hooked in series to pass a current through
the slide wire, v 4 dJdinl 999.9 ohm decade resistance
box (RB) in series with the batteries to wdjust the
current through the potentiometer to ,01 emps, und o
single-pole double throw switch(Sg) to seleect either of
the two potentiometer rangee. Vheun the "1" range wus
used, .01 asmperes flowed through the slide wire, giving
4 total RI drop range of 1.6 volts through the 15 10-ohm
resistance colls and the 1lO0-ohm slide ﬁire in-series
with thems vhen the switch wees in the ".01" position,
the current entered the potentiomester through s different
terminul und was shunted so that only 0001 amperes
flowed through the resistances and slide wire reducing
the totzl range to 16 millivoltas. . nother single pole
double throw switch(Sg) was inserted into the cirecuit
to make sure that this circuit was completely open when
not in use.

- Thig instrument proved satisfactory except that
the control knob which ran the moving contacts along
the slide wire worked unevenly and it was hard to reach
the exact bulance point without Jumping past it when
the sensitivity of the null instrument (Mp) wus high,
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Plate L, Diagram
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If more field work were done it would be desirable to
gear down the control knobdb so that the contaet could be
moved ulong the slide wire in smaller incremente.

4 telegraph key (K) was used to make and breck
the current through the elrcuit und cause & deflection of
the null iustrument when the opposed potentiuls were out
of balunces

A 10,000 ohm resistor (R) was wired acrose the
two end poles of u single pole, double throw switch (890}
which was yluced in meries in the circuit by hooking
in the center and one end pole. This reaietor was left
in the cireuit to protect the potentiometer and null
instrument until ayprmximute‘balmnce wag oblaineds It
wus then shorted out by reversing the throw of the
gwitch so that « more delicate balance could be obtuined.

The potentiometer current was wdjusted by moving
the resistunce box diale in .1'ohm gtepe until the null
indiecator did not deflect for 4 setting on the potentio-
meter dials egual to that of the known opposed voltage
thrown into the circuit in place of the porous pot
potential. /& field use is too hard on a stundard cell,
a gonditioning cirouit similar to that used by Lee'®) was
set ups Thig congists of passing a current whose vulue
is measured by v meter in the circuit through two precision
resistors of the proper vulue. The potentinl drop acrogs
one of the resistors is thandpluaed across the terminuls

of the double pole switche This voltage is then given

(&) Lee, T Wa--Information Circular, 6899, ugs 1906-~-
Use S« Bure of lines
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rigure 13, Potentlometer unit; Potewtiometer (P),
resietence box (RB), dry cells (Bp), switches §,
9, and 10, protective resistor (R), and key (K).

Migure 14, High gein amplifier with meter in plate
cireuit of third stage used by Eichelberger as
null indieator. (Ma, Plates I and IX)



by the product of the resistance in ohme and the current:
in amperes. The wvalue of the resistunce, which is
guificiently constunt with good resistors und soldered
connections, can be determined initiully by comparison
with < ptundard cell. 1If good resistors sre used, ond

a fresh dry cell, the current in the circuit would not
change in the time required to adjust the potentiometer
cireuit, snd chonges in curregnt over wn period of o duy
or so caused by fluctuations in the dry cell e.msf. cun
be nllowed for by mnkipg the product of the resmistunce
and new current values as o new setting for the potentio-
metar,

In the present case, = 1.5 volt dry cell (By) passed
current through o 10 milliumpere meter (Ma) in series yith
a %00 ohm Shalecroas and » 100 ohm T.R.Cs precision re-
sistors The current was 0039 cmperes, znd the voltage
aerogs the 300 ohm repsistor wos found to be 1.1406 volts
by baloaveing it against the pmtentioma&er voltuge pre-
vicusly cet with a eston standard cell,

Thiﬁ scave a repigtence vulue of 29:.4 ohms, g
1£ happened, the current value remained =t 0039 umoeres
through the four duys of field use, and the potentiometer
setting for calibruation was kept at 1,1406 volts.

The choice of un instrument to indicate the deyree
of balance of the opposed potentials is of great importance,
for on it depend the speed, ease, and accuracy of the
measurements. If the sensitivity is too low, the system
will evnpenr to be in balunce for a consideranble range of
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potentiometer settings and the mensurement will not

be uccurate. If the senaitiviiy is too high, the system
will appesr to be out of bulunce for potentiometer
gsettinge sufficiently close to the exaet volue, and there
will be trouble in finding this value.

The instrument should be glightly underdamped. hen
inpufficiently dumped, the oscillatione of the indicutor
cause o delay in reasching the balance point, snd when
overdamped the hesitation of the needle in reaching the
full value of deflection will be o source of deluy und
inuccuracy.

If the instrument does not indicate which of the
two out of balance voltages is lerger, time is reguired
to determine whether the potﬁﬁtiameter setting should
be increased or decreused to reach the balance point.

The lungtrument comuonly used 15 o portuble moving
coil gﬁlvonometer with deflecetion in both directions

from a central zerc. The instruments used by Hawkina(a)
and Rdge and Lnby(b) had & sensitivity of one fourth

microampere per scale divieion of 1 millimeter width,

and sn internal resistance of about 150 ohme. In this
case ether instruments were used ns dsseribed below,

but .ere not very satisfuectory, snd in any future field
work with the apparstus 1t would be advisable to select

a gnlvonomater of nroper sensitivity and required external
damping resistance to fit the electrical churscteristics
of the measuring ecircuit including the notentiometer

and the path through the potentinl electrodess .n

{a) ‘vI4Me B, "Geonhysical Prospecting” 1934, Papge 115,
i b) I# GQ El SQ pt_‘t“{? ;:.'.36‘
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instrument with high externszl demping resistance is
praferable to avoid overdamning whew the contact resistance
at the potentinl electrodes is highs, In wreas of low
contzet resistance u resistance could be thrown in series
with the meter to aveld underdamping.

To avoid the expense of « @alvohumetmr which weuld
be of the order of 25,00 it was deeided to use the
omplifier~galvonometer unit (Plate ) already nssembled
in the station wagon for seiemlc¢ recordiug. In this
unit, the seismometer output was passed through an input
transformer to = three stuge amplifier und the amplifier
output pussed through w second transformer whose secondary
was in series with the moving coil of the gulvonometer
which had optical recording. The light from an automobile
headlight bulb was reflected from a ratafin@ mirror
mounted on the galvonometer coil and thrown onto a élit
behind whiich the film for photoyruvhic recording was
locateds The magnitude of the seismometer voltage is
then indicated by the size of the displucement of the
light beam along the slit. The total voliage ,ain of
the system is about 1000, For use as = null instrument
in the porous pot zpparatus, the voltuge of unbulince
in the potentiometer circuilt wus applied through tﬁa
input trunsformer to the amplifier. The photographic
equipment woas removed, and the motion of the light spot
- on the s8lit was observed visually., The optical system
ves 80 unstendy that it was o laborious task to wdjust
the light spot to full on the slit, and us the sdjustment
had to be made every time the truck wus jorred the sttempt
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FPlate IIT. Diagram showing circurt of seismograph amplifier — ga/va-
nometer unit used as null instrument. (M;, Plates I and II')
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to use the galvonometer was abundoned. However, 1t was
noticed that a 15 milliampere direct current meter,
connected to a selector switeh so that it eould be thrown
in series with the plaute current of either the second

or third stuges of the amplifier, wus deflected when

the notentiometer cireuit was broken nnd closed with the
keys This mnde n éatiafuctory null inetrument for
reaching » bnlance when checking the potentiometer
voltage nrainst the stondord cell or conditioning circuit,
where the circuit resistance was low nnd the balsnce
point known. TFowever, in the field work, it worked
satisfectorily only in a few cases. Usually it was too
insengitive on the second stage of am»slificution, aund

too sensitive on the third stages It wos & loborious
tusk to adjust the sensitivity properly with the rheostut
in series with the meter, and often proper seusiiivity
could not be obtained.

A direct current 1 milliampere full scale meter on
the plate ocurrent of a three stage amplifier built by
Martin Tichelberger (PlatelV) worke& much more satise
factorily, but also hud the drawback of not indicuting
by the direction of deflection whether the potentiometer
getting was too lurge or too small.

A Weston Nodel 301 DC millismeter with full scale
range of 1 milliumpere, used in the field work nenr
Victorville, California, indicated the direction and
degree of unbalance well enough in most a&sea, but waeg
not sensitive enough in case of high contact resistance
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Circuit diagram of Eichelberger’s high garm amplifier used with
/mput transformer as null indicator (M., Plates L and ).
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even when the vorous pots were buried in ground wet with
coppar sulphate sulution. It also had the disadvantuage
of defleeting in one direction only sc that when wired
for positive deflection by the component of current from
the potentiometer voltage, the current in the circuit
when the notentiometer setting was below the balunce
noint forced the indicating needle ugainet the etops in

the negative direction,
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VI
Field Vork

gnbrodugtion‘

Je have seen above that the resistivity of u« ground
homogeneous to an unlimited depth is ypiven by the expres-
sion § = 2va B/1 (22a) where a is the sepurntion be-
tween any two adjscent electrodes in the enner con-
figuration, und % is the potentinl difference between
the porous pots when u current I is mude to pase between
the current stakes. In such a homogeneous body the
computed value of resistivity would be the same for
uny choice of electrods separation, and for spreads of
any one aepﬁratiam located anywhere on the ground suriuce.
actuuzlly the ground is never completely homogeneous,
und the computed value is not the nctual resistivity.
as it is useful in determining the actusl resistivities,
the vulue ip computed from the formule, but ie culled
the uppurent repistivity and designated by the symbol £,

Two main types of field test are made. OUne method
is to toke n series of mecsurements with inecreasing
<electrode sepurntions about « single fixed spread center.
This will be called = depth profile and the duta is usunlly
plotted in the form of a graph with apparent resistivity
ag ordinate and electrode sepauration aus absecissa. The
curve obtained in proctice is usually not the straight
horizontal line which a truly howogeneous ground would

give, but is either smooth or irregular. If the curve
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ig smooth, nnd if similar curves tuken ut the same
location with the line of electrodes in different direc.
tiong are =lso emooth and of the ssme type, = theoretical
treatment ig possible w8 the symmetry of the problem
indicotes o regular distribution of reeistivities in
apace. A full deseription of methods of interpreting

guch smooth curves is _iven in Chapter VII, ond illustrated
with data obtained by the writer in the field. If the
curve ie jagged, or the curves for different wzimuths

of electrode lines do wnot indicate symmetry, an empirical
interpretation is ncecessary., Type curves may be compured
with the known geology ot a point, and irrepgularities
found to correspond with definite geologie units., If

such correlution is found to exist =t several points,

and o definite relationship to exist between the magnitude
of the electrode seporation »nd such physical dimensions
of the problem ns known deo ths to formations, it is then
posaible to estimate such dimensions from the electrode
geparations at intermediate pointe of unknown geology,
provided the curves obtainad ure eorrelatable with the
type curves. “wen with smooth ourves subject to theoretical
treatment it is very important to get empirical check on
the result if one is to feel much confidence in the
interpretntion.

In the other field method, the spread is moved from
point to point in an ares while the electrode gepurastion
is keot oonstant. The computed resistivity as ordinate
ig then plotted ugaingt the location of the apread center
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as sbacissa. Here, n2gnin, the curve obtained is seldom
the horizontal straight line which should be found for

a single homogseneous ground, but muy elther be jagged or
gpnroximate a smooth curve., The first cuse requires
empirical interpretation, usnd the other, olthough subject
to theoretic:l trestment has much more value if subject
to frequent check with known geology. The methods of
theoretical iﬁterprmtation of curves obtonined in zsuch a
traverse are not specitically treated in thie paper,

vut the general method of asttuck ie the name us for the
denth »rofiles in that the field curves ure compared
with master envves in which the npparent resistivity

wins derived in terms of »n postulated distridbution of
actual resistivities by the uase of the surfuce potential
function.

Depth profiles are commonly used in simple cuses of
fairly shallow depth such as to determine the cdepth of
overburden covering bed rock, knowledge useful to the
civil engineer in planuing highway, bridge and dam
conetruction, or to indicate the loeation of highly
conductive ore bodles. Deeper profiles obtained with
large electrode spacing have been used to determine the
position of aquifers it depths of more than 1000 feet
to help in locating woter welle, nnd to locate the
presence of possible oil atructures at depths of o few
thouannd feet.

Horizontal traverse profiles ure useful in reveoling

high zngle contacts such as foult contacts or those
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between vertical beds where the surfuce truces .re
obseured by a veneer of surface moterinl, eand in indicute
ing the presence of shallow ore bodies. “hey have the
advantage over denth nrofiles of having greanter resolving
power as the chunges in resistivity take place nearer
to the electrodes. They are also of use in repions of
stiooth apparent resistivity-elesctrode meparntion curves
in conjunction with the more time cunsuming depth pro- -
files. TFor exsmple the depth to a horizontal contnct
may be found nt severnl points with depth profiles. The
depth to the contact may then be estimated 2t Intermediazte
points by taking a traverse with w critical wvalue of
electrode separation and seeing whether the value of
npparent resietivity for that separation increuses or
deereaabSu

The field work carried out by the writer (See Map I)
conginte of three partes. The first was a depth profile
run at Hagtings Ranch near Sierru lMadre, to see whether
the vulues obtained would be the same ug those obioined
with commercial apnarntus. The second was o depth
profile made near Delsno to see how the regigtivities
and curve interpretations would compare with the informa.
tion obteined by lowering electrodos into & selasmograph
ghiot holes The third was a series of depth profiles made
neoy Victorville to see whether such profiling was a
praatioablé ﬁay of determiniug the depth of alluvium over
the bed rocks The rest of this chapter is devoted to a
digcuseion ﬁf these three testa.
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Field Work at Hastinge Rench

To learn whether the apparatus would work satise
factorily in the field, the first test was the running
of » depth profile nt a loecation where Mr., Lohman, a
consulting geophysicist of South Pasadena; had previous-
1y run such » profile with Gish.Rooney appmratua; The
work went alowly because of = luck of a sufficient number
of field arsistants, und some diffienlty in getting the
potentiometer circuit to bnlance properlys The days of
Rebruary 11, 18, and 19 and Moreh 4 and 5, 1939 were
required for the work. After thé profile had been com-
pleted and sn apparent resistivity-electrode separntion
curve plotted, Mr. Iobhman gave the writer a copy of the
curve which he hnd obtained twe years before. These
curves will be discussed later,

The profile was lald out in & nearly north.south
direction about = center point 1500 feet north and 500
feet east of the fence corner at the northeast corner
of the intersection of S8ierra Madre Villa Rond and Foot-
hill Boulevard, near Slerra Madre, Direetions were taken
from a Brunton compass, and distances measured with a
200 foot steel chain. The pointa to be occupled by porous
pote and curfent stnkes were marked out with short pleces
of lath, Wenner spacings of from 8 to 26p feet were used,
and in some of the apacings a third potential electrode
was used with the Lee configuration us = checks For every

value of electrode spuacing, &, valuea of the potential
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Figure 15, 'Instituﬁa Model A station wagom and
apparatus set up for field work at Hasting's
Reneh near Sierra Medre, Califormia.

Figure 1‘6.1»
Line of profile at Hapting's Ranch. San Gabriel
Mountains in the background.



difference T between the pots was taken for two values

of applied current I in each direction of current between
the stiukes, The four ratios of RB/I -'m are then nveraged
to obtain the apparent reeistivity, £, = Z7al. Re-
veraing the direction of current and sveraging eliminates
the effect of constant potentinls from other sources
which may be present in the ground, Using two magnitudes
of applied current g:ffords an indication of how well
Ohm's laow ie holding, and by increasing the number of
obgervations used for each value of resistivity cuts

down the effact of non systematic errors in the individual
mespurements,

Readin;s were also takenm of the potentiometer
setting Epge at which bulance with the siandard cell
was attained. TFrom this the value of current through
the potentiometer slide wire cun be obtained, and if it
is different from .0l amperes, corrections in the value
of T can be made sccordinglys It was round that by
adjusting the 4 dizl resimtaence box in series with the
slide wire avlﬂry half hour or so, the values of 1 were
gufficiently accurate without correction. Readings of
the resistunce box setting Rpy at which the potentiometer
petting agreed with the stundard cell at balance were
taken as & check on the voltage stability of the dry
cells pupplying the potentiometer current,

Values of the applied voltage Hg necessary to obtain
the applied current I were aleso tuaken, and the ratio
computed to give an indication of the size of the stuke
contact resistance. The large and irregular effect of

this contact resistance on the vulue of Be/I (Figure 18)
(63)
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has prevented the messuring of variation of ground
regsietance with two electrodes.

A few measurements of the potential difference
existing between the porous pote with no current npplied
were made when it was noticed that the values of I
differed gmatly in the two directione. Thie potential
difference ran s® high as 50 millivolte with the pots
nhout 250 feet wapart,

The identities of the'porous pot were kept by
patting o different number of pieces of ndhesive tupe
around the terminsl of each. Polurization potentials
batween the pots were checked from time to time by inter-
changing the pote, and found to be of the order of one
or two millivolts, not large enough to make any apprecisble
error in the values of resistivity. The dasta obtained
in thies work =nre listed in Table II at the end of the
chuapter,

Vr, Lohman's curve and the writer's sre compuared in
PLATE I The resistivity values of the latter are
lower, =nd much less regulsr, snd their general trend
is a etraight line about tangent to Mr., Lohman's curve
for electrode spacings of about 200 feet. The higher
Gish-Rooney values nmight seem to contradict the test of
ve and Keys nrt Wigher Hill(&), Wew Vork, where the porous
pot valuea were higher, but it is not improbable that
the heavy razins just before the porous pot survey at
Hastings Ronch sufficiently watered the ground to reduce
the resistivity well below the value wt the time two
yvears earlier when I'r. lohman's test wue made.

(84)
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The much smoother curve obtained by Mr, Lohman may
be explained by three differences in the field work.
ir. Lohman's work was all curried out in one day, while
the vriter’e required five days over u three week period.
I% ie possible that the ground resistivity veried some.
what from day to day. Also there was difficulty in
reaching the correct bolance point and this delay in
getting the potentiometer balsnced affects the velue of
resistivity determined, becauuse due to polarization
around the current electrodes and perhaps other causes,
the values of W end I fluctuate. The fluctuations are
more noticeable in ® than in I, nnd fluctuatione In the
meungured resistivity resulty whieh would be eliminuted by
rapid commutation of the ocurrent, and reaching the balance
point ropidly. Perhaps the largest cauee of irregularity
is the difficulty in finding the correct bvalance point
when there (9 inpufficient sensitivity. In some places
the value talen for T wns emtimated as the center of a
ronge of potentiometer settings of as mueh as 10 milli-
volte over which there was no deflection of the null
instrument,

A discontinuity is to be noticed in Vr. Lohman's
curve st an electrode separstion of 8520 feets This is
due to the fact that one of the current electrodes
pasged over the water main at that separation, but does
not meaun that the water main was at anywhere near that
depths The effect of such & main at so great = depth

on the apparent raesistivity of the large mass of ground
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penetrated with » 520 foot spacing or 1560 feet between
the current electrodes would be negligible.

Two layer interpretstions of the two curves by
Homan's superposition method (Chaonter VI1) do not show
close agreement of either curve with n muster curve,
but a rough spproximation gave values of depth to a
gsecond lower resietivity layer ss about 10 feet forx
Mr. Tohman's curve, mnd 90 feet for the writer's. Thie
is mentioned, not in aupport of the theais that the
difference corresponds with the rising of the water
tuble during heavy rains that lowered also the resistivity
of the upper layers, but ase an example of the type of
aneeulative interpretation to be avoided, ot only is
there no empiricsl check nvailable, but the loecation of
the profile on an alluvial fan at the base of the an
Gabriel MNountnins (Mupir) sugrpests that there may be n
congidernble number of lensges of sand and gravel of
varying resistivity down to the depth of 100 feet, so
that even Af the greatest change of resletivity ocourse
nt the water toble, use of master curves buased on the

nepumption of two and only two layvers would be prohihited.

Tield Work Near Delang

In April 1939, the writer was priviledged to
secompany Mr. Richelberger and Dr. Petersov to Bukersfield,
Arn Joaquin Valley hendyusrters of the 'nited deophysical
Compnnys The portable battery, potentiometer, and
gmplifier units were taken along as well as two sets of
current and potentiul electrodes, one to be lowered into
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& selsmograph shot hole, «nd the other to be used in a
gurince depth profiles The Tnited : evphysical Company
allowed the use of = shot hole severnl miles southeast
of NDeluno, California and furnished the use of & truck
for field uses, A complete deseription of the whole
survey is given in Martin Eiuhalbarger'a Miasters Thesis
(Institute Division of Geological cienceas, 1939), For
purposes of this paper it is sufficiesnt to say tﬁmt the
four electrodes were placed at a constant spaeing of
about 3 feet along = hard rubber tube which was lowered
into the shot hole on a c&blé in such a way thut the
depth of the center of the spread below the ground
aurfuce was knowns This t pe of profile is identical
with @« surfsce traverse with Wenner configuration of a
three foot separation with the exception that the
electrodes become completely surrounded by ground
{except for the negligible volume of the eylindrical
hole) so that the onparent resistivity is given by the
formula f, = 47a B/I, the expression for an infinite
rather than semi-infinite homogeneous medium, The
apparent reaistivity in this cuse ie approximutely the
cetual resistivity 1f the ground is homogeneous in luyers
thick compnared to the spread length, and at any ruate
reflects much more sharnly the variation of true resistivity
with depth,

A surface depth profile was algo made with venner
configuration and electrode sepurotions of from § to'zno
feets A ministure troverse profile wos made with 10 feot
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electrode sepuration, and spreud centers ut 30 foot
intervale from 270 feet north of the center point to

270 feet mouth of the center point of the north south

line of electrodes of the depth profile. The purpoae

of this travsrse to see whether horizontil vuriations

in the surfuace rasistivity might be ceusing breskes in

the anparent resistivity values of the depth profile.

The surfuce resistivity zs meuwsured with the 10 foot
spneing was found to be quite uniform olong woat of the
length of the profile and no correlation wes found

between surf.ce variations und cpparent resietivity in

the depth profile. The duta are tabulated in Table 1II
"#t the end of the chunter, and showu yraphicelly in the
curves of Tigure 19. Curve 1 is the uppareni resistivity-
depth curve obtained with electrodes in the hole. Curve
2 is the apparent resistivity.eleetrode separation curve
for the surface depth profile. Curve 3 is the uppurent
registivity-spread location curve for the truverse profile,
and the get of cur%ea 4, is derived from Curve & wnd shows
the surfice resistivity value for euch elecirode corres-
ponding to euch electrode separation in the depth profile.
Curve 1 shows us the dgpth to the level ol wuter in the
hole, found by lowerin the electrodes from the surf.ce
until there wasg » sudden shurp inerease in the applied
current with the applied battery voltuge kept comnstunt,

to be fifty feets It also shows w ropid veriation of
resigtivity with depth below the water level, sugpesting
the nsresence of numerous l.yers of grouuwd with different
resistivitiesn, It shows alsc, un averuge resistivity of
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10 to 15 ohm-meters for ground below the water levels
Cowpurisom with curve 2 shows the lutter to be much
guoother illustrating how small the offect ol uw change
of resistivily ot depth is on the upparent resistivity
of the whole ground down to and including that depth,
It may slso be seen that the value of apparent realstivity
at the longer electrode sepurations, corresponding to
creuater deptha of penetration are sbout twice us greut
rg for the hole aurveys, Thias is due in part to the
foect that the water in the hwole added during drilling may
raise the water laevel there above the reglionul water
tuble Bo that the hole elactredes were surrounded by
abnormnlly wet ground, in part to the fuetl that the
hole is lined with a low resistivity layer of drilling
mud, and finally to the fact that the electrodes in tue
hole no .ouger are greutly iwnfluenced by the piosence
‘mf the nigher resistivity surface layer while the
apparent reaistivity of the suriace profile ise

The shupe of the surfuce depth ourve would suggest
a three layer interpretatlon with a sccond layer ot
ghollow depth of resistivity greater than the surfuce
layer overlylng the more conduwective deeper ground., Ine
sufficient data at the criticul electrode mepusution of
the turning point are wuvail.ble for making o three layer
interpretation, and it is likel; ithat the resiastivity
value at the shortest spucing is too low, us the wult
water and copper sulphute solutions used tu cul down

contact resistance muy have lowered uppreciably the
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roagigtivity of L ie voluwse of ground we.sured with the
five fool sgpuacinge Two luyer interpretutions mude in
Chapter VII for purpose of illustrating verlous methode
show w depth to thie interfuce of 10 to 156 feet, but in
the absence ol confirmatory datu the presence of w«
lithologic woundury aut that Jdepth is problematlcals

Field Wprk Near Victqrville. Californla

The final field tests were muade a2arly in June 1939
wt the osuggeation of Dry Naxson. Tha.gaulogic problem
was to deternine whether the buried portions of pediment
wurfaces towards the edge away from the higher portiona
pf the bed rock on which they wre cul are convex or
concave upwaldase. The elavation of the surface of the
wlluvium obseuring the bedrock surfuce is known {rom
surface mapping. If the depth to bedrook belew the
gurfuce of wlluvium cun be determined, the elevation
ou top of the bedrock is found by subtrecting the thickness
of wlluviun from the elevation of the alluvium surfuoce,
and contours of the vedroeck surface from this information
would show the shape of the pedimoent surface. Dr. Laxson
chose an .rea Tor this invastig.tion 3 or 4 miles north
of Vietorville, southensgt of Oro Grande und easgt of the
lojave River {lup III)s e ond Live Le.w Lewis wccompunied
thoe writer oa o trip to the ares in wilch a pro.rum of
field work w.s outlined, This field work wws cerried cut
in the four .uys June 4 tlwough June 7, 1939, as & prelime
inary iuvestigation to see whether satisfuctory results

could by expected from the resistivity metlods. The work
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consisted of five depth profiles, the first at a point
where the depth to the granite bedrock was known, to give

a check on values reached by theoretical interpretatlon.
The second profile was made on an exposure frec of

alluvial covering to determine directly the resistivity

of the granite basement. The other three tests were made

at typlcal points in the arca to see whether smooth surves
susceptible of theoretical treatment would be obtained.

The data from these profiles are given in Table IV at

the end of the chapter, and the apparent reslstivityw
electrode separatlon curves are plotted to a log log

scale in Figures 32, 34, 35, and 36 below, Test Point no. 1
(see Map III) is located some distance from the other points
and across the iojave River from them. The profile was
lald out in a roughly north-south directlon parallel to

an adjacent road cut in which the section below the elec-
trodes was exposed. This section showed tne bed roek con-
tact to be 16 feet below the ground surface on which the
electrodes were placed. Unfortunately, no similar exposure
was avallable near the other points. The curve obtained

at Test Point no. 1 shows the problem to be a three layer
one electrically, with a lower resistivity layer intermediate
between the surface layer and the bed rock. This renders
interpretation of fleld eurvea more complicated and less
certain than in the two layer case. The known depth to bed
rock of 16 feet checks well with the 15 foot electrode

gseparation at the turning point in agrecment with Rooney's
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empirical generalization, and with the depth found by
superposition (Chapter VII) of 16 feet. However, it is
likely that with similar curves at other points where the
minimum of the curve occurs at larger separatlions, the
greater depth to bedroek may change the depth factor or
ratlo of bedrock depth to electrode geparation from unity
to some smaller value. In thils case, if no further empirical
check is avallable, 1t would seem gafer to trust the
theoretical solution 1f this differed from the electrode
geparation of the curve minimum.

Test Point no. 2, located about 100 feet from Test
Point no., 1, was not profiled, emen though it would glve.
a desirable check on the first curve, because of the
limited time available. With such slow progress (a whole
day was required for the profile at Test FPoint no. 1)
1t scemed wiser to see whether curves obtained at points
across the river where it was most important to determine
bed rock depth,would be of the same type or sufficiently
gmooth for thaorﬁtiaalntreanm@nﬁﬁ

Test Painé nc. 3 was next occupied, and here the
registivity of t&a unweathered granite basement was found
to be of the order of 500,000 ohm~centimeters, somethlng
like fifty timep that of the overburden. It is interesting
to note that the value determined for the bed rock resistivity
in Chapter VII is between 25,000 and 50,000 ohm-centlimeters,
or only 1/10 to 1/20 as great. This suggeste that where
the bedrock ig

(¥2)



Pigure 17. The aepparatus set at Test Point
no. 3 on granite near Vietorville, Celifornia,
Boulder dam power line in middle distence.



not expoued 1t may be decayed to some extont by weathering.
A ratin of gwomething like H to 1 in the resistivities of
bedroek end surface gravels should be sufflelent to plve

a pronomnced bend in the fisldd ecurves, @Vén if the denth

| to the discontinuity should be at considerable depth.

Curve 3 was token about 200 feet southeast of the
noarest pronite -ouvterop, It ls a three layer curve like
that at 1. Unfortunately measurements were made at too
Tew diagnoctie eleetrode separcotions, and the value of 68
Tact found for the bedroek depth may bo mors in error than
the values at the other points,

Curve 4 was taken at a point about 150 feet gouth of
the center of the spread for Curve 3 and about 300 feot
gouth east of the nearest granite outerop. It is a
4 loyer curve, snd indicates a bed rock depth of about
60 Teob.

Curve 5 was taken with & center point about 65 feet
pouth of the center of that of Curve 4, 'This 3 layer curve
indleates the bedroek to lie at a depth of about $o feet.

The date fror these tests are given in Teble IV at
the end of the chapter, and the resulis of interpretation
of the curves are shown in ¥late VI. The individual inter-
pretations are discussed in Chapter VII velow,

It is the oplnion of the writer that this preliminary
work indicatos the probable success of the method in

glving a qualitative answer to the gquestion of the shape

(73)



Plate WL .

/nterpretation of Fre/d curves From near Viccorville , California. Numbers in
columns are resistivities ur ohm-centime fers. Brokern lines between columns
are *wo of the possible positians of the overburden - “granite” confact within the

zone of probable error in determining the depthof the contact.
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of the bed rock surface. Neasurements wmade with suffilciently
pood apparatus, and with sufficient care should give the
depth to bedrook within 10%. From this it should be
possible to deter ine whether the surface i& congiderably
concave upward, considerably concave downvaris or aboub
plane, af whather the surface iz step like or irregular,
Any futvre worlk should be carried out with a better potentioe
meter and mull Instrument es sugpested in Chaptor V, Meld
curves should be plotted on lorearitimic peper in the Pleld
80 that o suffielont number of aceurate values will be had
at diggnostic electrode gpacings, ALl the wreliminary
curves were taen with the electrodes In a roughly cast-west
line about parallel to the topographic strike., In future
work 1t would be deslreble to take sproads in noveral
azinuths at ecach of a few pointes to see how much symmetry
there is in the resistivity distribution., Folnte should
be accurately profiled at intervals of about ¥ mile on a
grid with sides parallel to the expected d4ip and strike of
the bedrocks These would he far enoush apart so that
if there 1s any pronounced divergenee between the slopes
of the alluvium and bedrook surfaces 1t should show up
in variations in depth to bed roek larpo compared to the
probable error in determining the depth. To cheek on the
regularity at intermediate points profiles could be Tun
fairly repldly using only three opr four valucs of electrode

aeparation,
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TABLE IX
Date from Hestings Ranch near Sierra Medre, Californis
Part 1. Field abaervatxmné
Explenation of symbols;

L Diptence between current eleotrodes in feet
& Pistance between potential electrodes in feet
Eg Voltege epplied between current electrodes
i Current between current electrodes iu amperes
B Potential measured between potentisl elecirodes in volts
Dir. Direction from positive to negative electrodes
B Setting of rheostat in potentiometer circult in ohms
oo Meesured potential of standard cell in volts
L a By I E Divy Rip Boo
15 5 22,5 0.0070 0.802 W8 1500 11,0187
45 00,0125 1.425 , I
45 0.0125 1.43 ¥ BH
22. 5 0.0070 0.815 1.0215
30 10 90 0.,0185 0~926 N8 149,53 1,0187
135 00,0280 1.460
135 0,025 1.434 SN
90 0,0180 0.947% 10193
.45 15 135 0,085 0.9407 -8 149.0 1.,0187
225 0.,0475 1. 562%
225 0.0470 1e 5407 Sel
225 0 Q'Dﬂ' ) 5 1+ 524
135 0.0875 0.916 1,019 1

60 20 202,5 0.,0386 1,04 ? H-8 148.8 1.,0187
292.5 L 0.0565 1.5157
292,5  0.0567 1,521 . Sl
292.5  0.,0545 1,464

02,5  0.0315 1.011 | 1,0190
75 25 13 0.0405 0.947 He8 148.7 1.0187

180 0.0537 1.264 :

180 0.0535 1,242 Sl

180 0.0527  {.232

135 0.0335 0.921 1.0190
90 30 270 0.0467 0,907 HeS 148.5 1,018

§Zo 0.,0623 1.19 ' L

360 0.0623 1.135, SF

270 0.0465 0.889 1.0 189

105 35 0 0.0003 N8 148.4 1.0187

. 0

157.5 0.0263 0.420

360 0,053 0,939

260 0,050 0.910 8«8 R
157+ 5 0.0¢€21 V. 4Ud 10171
Above measurements made on rebruary 11, 173y
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120

135

150

165

180

1795

210

25

240

40

45

55

60

65

70

15

80

TABLE IX

Paxrt 1.

Continued

Meagurements made on February 12, 1939

Eg,
202, 5
520
360
202,5

;gg
0
60

;23
360
180
180

)

0.0265
0.0470
0.0445
0.025

0.0143
0.C283
0.0289
0.0143

0.0207
00,0405
0.0425
0.020%
0.0205

0.0405
0.079

0.0775
0.0395

0,0387
0,0703
0.0745
0.0391

0.,0473
0.091]
0.091
0&0470

DN B
0o
ro

Uy

QoOoOTT COCCcoo
= F 3 ®
SCOT Ccooco

® ¥ & ¥

ooE

&
&

E

0.38
0.67
0.642

04356

0;136
04366
06357
0,175
0.252
0441
V.421
0.211
0.216

L
L]
')
L]
L

0364
0.696
0.694
0*655
04330

0.326
0.629
G+ 560
0,283

s

. ¢ & »

W OO0 OO

gt

LN - =3

-~ NVEG® =
S i o

X

SO0 OCOO0 oo O
n
OP P WO

¢ = * B

Rl i

(740)

Dir
Ne
G

Nwd
S =l

Hed

S ol

lwd

Sl

B8
8wl
a3
Sl
N
S =l

N
S ol

N
Sl

Ryp

146,6

146, 5

146, 4

146.4

146, 2

146. 5

146.2

146, 1

Eyc
1. 0187

1.0187
1.0187
1.,0190

1.0187

10190
1.0187

1.0187
1.0189

1.0192
1»&18?

1.0187
1.0 187

1.0194
1,018

1.0 187
1.0187

1.0191



85
290 90
g8 95

" 100

Part te

e

180
60
60

180

I4ABLE IX

lMeapurements made

90

45

100

110

247. 5
.‘j 0]
247. 5

247. 5
a&g. >

Continued

i B bir
o.g‘%g g.;o& N3
0! , . L o
0.0635 o;&%g 8wl
0.0332 0. 170
0.02 0415 NaS
0.0485 0,264
0. 0490 0. 254 I
0.0245 0.116
Q.02835 0. 108 Hed
0.0305 0. 148
O.0228 0.112
0.0180 0,092 HeS
0.0315 0.142 ‘
0.0310 0.14 Sali
0.0155 0.055

on February 19,

©.0365 0,181 NS
aqﬂﬁgﬁ 0,272
0.,0483 U, 249 Sl
0.0327 0,183
0.0330 0,089 W
0.0310 0,089 SN
0.0465 0,138
0.0523 0. 146 T
0.0525 0. 123
©.0490 0,114 SN
0 .0300 0.13 e
©.0480 a;a%%
0.0449 04180 Sl
0.0283 0.116
0.0485 0.115 N
©.0483 0.110 8l
0.0443 0.088
0.0485 0.097 N
0.0553 0.155 Had
018928 o §§§ 5o
0.0353 0,156

145.9

14 5.6

145, 3

1939

1459

45,6

145.3

14 5. 1

44,9

Bse
1,0187

1.0189
120187

1.0187

1.0187

1.0191
1.0187

1.0190

1.0187

1.0196
1.0187

1.0195
1.0187

1.0192
1.0187

1.0 187
1.0187

- Jand § in last column indicete whether north or south
L of spreed is tested when Lee partition method is used,

(74¢)
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TABLE IX
Part 1. Continued

L a Ea, L B Dir Rrp Esc
0 55 22 0.08 0,175 He8 1449
1 = aag 0.08%% 0.135 S0 1.0188
225 o,ag?@ 0,126 B8 144,6 1.0187
225 0.,0865 0,148 B-K 1.0190
60 20 90 0,0425  0.,1457 He8  144.4 1.0187
TR B i EaRs
180 020345 0.276 HeB 1.0189
60 180 0.083, 0,157 Nef 144.3 1,018
18& m,aaig a.1§3 S0 ’ *
180 9.0818 0.1487
180 0,0800 0,131 Ne8 1.0189
390 130 ééﬁ_ﬁ g.gggg 3,;33 FeS  144,2 1.0187
225 0.0895 0,353 SN
112.5 00,0465 V. 124
o s
225  0.0898 0,134 S8 1,0188

Measurements made on Mareh 4, 1939

360 120 90 0.,0425 0,139 NeS 146,7 1,0187
130 Q.0 go 0,260
180 0.0805 0,274 BN
30 0,04 10 0.138 1.0195
390 130 157.5 0.0776 0,290 N8 146,5 11,0187
| 1574 5 a.ugﬁu 0.1807 BN
360 0, 1630 Q. 5007 -
| , 260 0.1630 00,6007 Ne3 1.0197
420 140 157.5 0.0470 0,184 HeB  145.9 1,016
15;.5 0.0475 0,176 -8 146,0 1.0187
1575 0.0500 0,086 SN 1.0188
4% 15 180 0.0885 0.287 N-8 1459 1.0189
180 0.0885 0.&%2? SN 1.0187
180 0,0895 0,286 B8 145.7 1.0187
180 0,0%05 0,189 8N 1+ 0192
480 160 135 0.09;@ 0 .264 Ne8 145,2 1.9183
510 170 135 0.0925 0. 227 Ne8 145,35 1.0187
' 135 0,0930 0,167 S8 ald
90 0.0640 04119
90 0.0640

0,144 N8 1.0189

(744)



TABLE II
Coneluded

Part t.
L a By I
540, 180 90 0.044 5
180 0.08
180 0.0880
90 0.04 50
570 190 180 0.0225
360 0404 50
180 0,023
360 0.,0440
Measurements made en
510 190 0 ,
360 0.0467
360 0.0465
56@ 0.0 50
95 360 0.046 5
600 200 0
292.5 0.0615
292,5 00613
180 0.0390
100 180 0.03%0
180 00,0390
660 220 360 0.0575
360 0,053
720 240 360 0,0215
360 0.0225
360 0,0230
360 0.,0225
780 260 360 0.0482
S e
az% 00355
180 60 270 0.096 5
| 270 0,0965
270 0,093
30 270 0.0967
70 Bnﬂ‘} g
270 0,097
#

0,053
0,004%7

0.04 ¥
0,082
0’4‘9‘«831

* & 8 #
D D=

- ®* F »

COVCO.. OO0 OCOQOCOD

Dir
NS
8wl

N
S-N

1953
B8

Sl
NS

Hed
Hed
Hed

5wl

Hed
Sl
B8

Bgp
145, 2

144,77

144,9

143.8

143.6

314.8

315:6

Esq
1.0187

1,0189
1.0189

1.0183

1,0167

1,012

1.0187

1.0187

1.0187
1.0187%

1» 5980
14 5965

1, 5980

1. 5275

1. 5980
1.0187

Potentiometer reading must be multiplied by 1,0187/ Esa
o get eorreot value of E becaume slide wire eurrent
was deereased in order to get bigger velues easier to

MeaBUTe,

(74e)
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PABLE II
Part 2. Apparent resistivities.

Symbole:
L Distance between ourrent electrodes in feet.
&. Distance between consecutive potential eieazro%ea
in feet,
Ray. Average value of B (equels E/I) from values in
Part 1 for ench configuration, K expressed in ohms,
Ja.  Apparent resistivity in ohm-centimeters. Computed
£rom the formulee - = kﬁa/ J"LRyy for Wenner configura.
tion (L-=3a) endh = nugwmy for Lee oonfiguration:
(L=6a)., k equals 30.48 to convert feet to centimetvers.

Con, CGomfiguration-

®. Wenner
L. Lee 8. douth part of spread
- ' H. Horth part of spread
L & Ruv JJq.,n.~¢"“s Gon
15 5 114,8 109,900 W
30 10 52.4 100,400 W
45 15 33,0 94,700 W
60 20 wi 103,100 W
15 25 23.4 112,000 W
90 30 19.2 110,200 W
105 35 15:.9 106, 500 ] &/ 11739
120 49 14.4 110,200 W 2/ 12/3%
135 45 1247 109,400 W
5 % 4 o8 %0 N
180 &0 8.0 51,900 W
195 6 7.2 83 €00 W
210 Y 208 91,200 W
225 gg 6.5 93,300 W
240 : 6.0 91,900 W
255 85 5.8 94,400 W
270 90 53 91,300 W
285 95 4, ﬁz,ﬁw W
300 100 4, 86,200 W 2/ 12739
270 70 5 21,300 L4 2/ 19739
45 a.g 96 ,400 L B
, 45 2,3 19, 200 L N
300 100 4,2 0,400 W
L 2.4 91,900 L 8
‘ 2.0 6,600 L N
33 10 4.2 8,400 W
55 2.0 84,300 L 8
%5 1.6 67,400 L K
360 1z 3.2 3,500 W
0 1.8 2,700 L 5
65 2,27 109, 5007 L B
65 1. 5 82,900 L N 2719739

(74£)



a8
120
140
180
130

120

25
200

100
100
220
240

260
60

2

TABLE II
Part 2, Conecluded
R&V Fo tecem
3.4 8,100
3.2% Z? 16%9?
3.3 7531 0
f.; 72,6 0
24, Z,nﬁﬂo
'13' 9 5%’-383?
g 58,200
0,67 45:530?
1;'_ 4! ¥ Q'O
0.8% 61,3007
3.8? guggg?
" 57 9
0.8% 322800?
or R,&?? 9€,00077
ha 9,800
') 9,60&
}.g 39.690
2 0 87&500

(74€)
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Symbolss -
L
a
1
E
Dir
Bov
Fu
L a
15 5
30 10
60 20
70 50
140 40
150 0

Distance be
Distance be

TABLE IIX
pata obteined near Delane, Celifornis
Part ..

Surface depth profile

tween current electrodes in feet.
tween potential electrodes in feet.

Current through current electrodes in amperes..
Potential difference between potential electrodes
in volts.. _
Direction from positive to negative electrodes.
Average velue of ratio E/I for each value of L,(n.a),
Apperent resistivity in ohmecentimeters- /7.5 &Rgys

I

0,188
0.135
.20
0,18

0. 148

0,11

0,24

0,188
0

0.1132

0.133

0.23

0. 24
0

0..128

0,126

0..197

0..197
0

0..12
D110
0,195
D4 130
0

0.118

D.118

0.423

D.412
0

B

te21]
1&06'
1,308
1,806

# not ineluded in Rgy.

Dir

JU—-)
SN
N
SN

NS
Sl
IR
5wl
S-H

Ned
B =
Nd
S -l
S-N

N-§
Sl
N-§
Sl
Bl

NeS
Sl
NS
Sl
Hed

b
5wl
NS
B «li
Ned

Bay

¥

bed5

it
5e 58

##
14,26

3
o

035

ahd Polarization

f5 naturalrpotential
(74h)

fq_ (4\.— (M)

6,860

4,025

3,605



150

210

240

270

300

360

480

60

70

8o

g0

10U

120

140

160

I

0.138
04365
0.373

0. 128
O. 123
0.}64
0.366

04197
0. 197
0. 507
0.3&4

0.29
0~d$

0.5

0.398

0. 30

0« 51

0.458
0

Lo 222

04222

0. 202

0. 541
Q

0.23
0.22
0. 501
0.492

D228
0.232

%

DABLE III

rart ft.
E

0,046
0.036
Da.111
0. 104
0.004

0,030
0,030
0,090
0.089
00,0006

Continued

r

N-§
Sl
-8
Sl
§-8

Hwid
Sl
-8
S«
N8

N3
S0
Had
Sl
B

(741)

Bay

U89

0,18

0.16

0.09

fa_ (-a-cm.)

34335

3064

5104

3064

258

2158



LABLE 11X
Part 1. Concluded

L a I E Dir nav Sala-cm)
540 180 0,348 0,028 NS
0,348 0.025 S-F
De653 0,049 Sl
0,08 2758

600 200 0.328 0.024 HaS
0.318 0.,020 BN
0.646 0,046 T
0,618 0,041 Sl 0.07 2682

Above meagurements made April 20, 1939
Part 2. Surface treverse profile, April 21, 1939

Wenner configuration, I constent at 30 feet. Locus is disknce
of center of set up in feet north or south of center point of
meagurements in Part 1.

Loous i E Dir R'av Pq (a-cm.)

0 0,248 0,832 N
0,245 0,825 8O
0.462 1,534 Sel
0,435 1,452 lin
0,423 1.2z S

JaUG34 SN
. 3,35 64 20
3 8 0,282 0,989 Hed
0,268 1,014 SN
0.364 1,218 B8
0.3717 12516 BN
0 0
3. 51 6730
60 8 0,208 0.683 DNed
0.198 04663 B ol
a.g:g 1172 B
O e 161  Sell
0 0,003 SN
3.39 6500
90 S 0:187 0.63% H-B
Ge 192 o.gga B wli
0.402 1.365 H«d
0 0,002 Sel
3,40 6515

(743)



Locus

leU

iov o

glu 5

240 o

30 N

=

Ve &CD
Us cx’f
Us43
Ve

Ue 240
U, 64'1
Ve 10
Vel 1D

Vo i
0. 17
U » Zbll
Ve 2BY

Vs 170

U,eau&

V. 310

Ue 3ﬁ3
v

U, 25y
U. 256
V.400

Ve 223
0. 220
0,471
U. 455

0.303
Ved igd
Ue&i5

U, 228

0,248

Ue 53¢
U

Tapld 14l

raxrt .

¥.h LT
Ve fO N
Va'l'le 0 wdi
lo40g  DNei
1,401 & el
vellu i 2 el
UQDEU J’—D
1o 350  N=d
1509 =i
VeUUUD  leS
C.861 w=N
V.851 N
l1e 254 o=l
Tagh Nad
u.003 =N
U,8b8  Hed
0.8b" O =iy
12374 Ned
1. 3|6 0=l
V003 U
U.01Y Ne
U.u 10 =i
1,250 N
le 2'jO 0 =i
V.63 N-S
V.6 D=l
Ta 343 N=D
(Y D =l
V.003% 0 =i
laUUY M-
U. Y90 0 =i
i 300 N=pD
1362 D=
U.'j4y D=l
e 094 JUR ]
i.080 o =i
0,004 N D

(7ak)

untainued

By

537

5 54

4. 34

4,32

36 1

2«87

3.3‘

5430

fa. ‘JI--(M.)

6 huu

04 iv

8330

o 2bu

bUBU

551v

630

b33u



TABLE IIX
Part 2, OConcluded
Loous k B Dix R

wv $u (a-cm)
60 B 0.2%38 0.746 18
0.240 0.75% SN
0.417 14 501 "
D.482 1.316 Sl

90 N 0.257 0,869 NS
0.244 0,830 Sl
Qa442 1aﬁ06 Eﬁa
0.418 1,431 BN

3,40 6520
120 W 0,272 1,081 li-B
D.292 1.084 Bl
Ga399 1,476 Hed
0,398 1,473 SN
0 0.005 BN 3471 1115
150 W 0,897 1.094 lie8
0,302 1.090 Sl
0. 39 12432 HwS
0. 3% 1450 BN
0 0.004 HNed 5,64 6960
180 H 0,182 0,646 Ha8
0«182 0#642 aﬁm
D.398  1.416 KD
0,356 1,389 8.8
0 0,001 Sl 3, 54 6760
210 ¥ D.242 0,869 H=B
D.,248 0.048  SeH o Now ingloded
0.397 1.427 B9 ,
0.392 1,400 SeN
, 0 0.002 H-S 3, 59 6880
240 N 0.282 0,832 He3
0.278 0,806 SN
Ua#§7 10536 Howid
0.452 1. 309 Sl
0 0,005 Hed 2.92 55%0
270 W 0.202 0.886 NS

0.202 0.875 S
D.362 1.572 Te«B .
0.358 1. 552 DN 4,35 8330
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TABLE II1
Part 3, Summary of date from verticel traverse profile

Meagurements made April 19, 193% with constent Wenner speoing
of 2.9 feet and electrodes lowered down seiemograph shot hole
at center of sprend of resistivity depth profile in FPart i.

[/ 12 depth of center of electrodes below ground surface in
Ieets £ =11 Rav a-m

E ﬂa‘v f& (-n-cm.)
181 (bottom) 1.25 1388
155 1. 19 1322
04 1,24 1489
115 1.61 ' 178@
125 1.42 153‘
130 1»52 1689
145 a.,% 988
155 1a 1 1312
165 1. 38 | 15353
135 0.2 1022
180 (bottom) 0,95 1057
155 14 20 1252
150 1. 10 1228
140 1 56 1511
135 1,44 1600
130 1. 54 1489
125 1e62 1800
115 1. 59 1768
105 i.gg 1%&3
95 1o B2 190
6 8 o
65 1-6? 18 57
25 e 2 1412
5 (water table) 2.8 31915

Qbservations made in the order listed.

(74m)



TABLE IV
Data obtained nesr Vietorville, Californie
Part 1. Resistivity-depth profile at Test Point 1.

Symbols:
L Distance between current electrodes in feet.
& Jistence between potential electrodes in feet.
I Current through ocurrent electrodes in smperes.
E Voltage measured between potential electrodes.
Rgy Average of the ratio E/I for each value of L in ohmas,
2 Apparent resistivity (equals 191.5 & Rav)wahmmoehtiw

meters.
e I E Dir Ray £ Caem)
6 2 0,070 1.52 N8
0,070 1,547 SN
0.050  1.130 NS
0s051 1,132 SN 22,3 8550
18 6 0,066 0,443 N.8
0.055  0.373 S&

0,133 0.910 BN 6,98 7800
30 10 0,084 9,272 sms

0: 141 0.463 Hel 3,255 6240
39 13 0,242 0,560 BB
0.233 0,522 SN 2,295 5670
6.5 04255 0,258 Had [}
0.254 0,229 BN 0.955 41750
6,5 0,262 0.344 BB 5

45 15 0,282 0.5]5 K-S

0.12] 0.234 B 1095 5600
51 17  0.252 0,428 5§
0,328 0,574 Ke8 1.725 5620
8.5 0.283 0.212 8-8 | O
0.325 0.265 NeS 0.782 5090
8.5 0.272 0,262 BSeH , 8
0.282 0,269 H$ 0.958 6230

60 20 0,288 04511 Hed
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TABLE IV
Part 1, Continued

5L a 4 E Dir EB-V‘ S Ca-cm.)

15 25 0,286 0.470 N5
06261 0,423 SeB _
0.1%32 0,220 Hed
0,130 0,213 SN 1.64 78 50

90 30 0.350 0,542 Ha8
0.327 0.517 Sl
0,129 0,210 Hed
0,135 0,208 S«H 1575 9040

120 40 0.290 0.402 ©BN-B
0.282 0.385 B¥
0.135 0,183 SN
0.133 0,200 H-8
0,129 04172 SBul 1,40 10720

150 50 04312 0.405 B
0.328 0,400 BN
0,144 0,162 Bl
0,115 0,155 Hed
0.112 04145 Hed 1. 29 12340

Above meapurements mede on June 4, 1539
Part 2. licasurements at Test Point 3. June 5, 1939

6 2 0,0006 0.9 e 1500 575000
15 5 0.0028 1.45 8
0.002%9 1,55 a
0.0027 1,25 b# 505 474000
60 20 0.006 0.8 &
Part 3. Measurements for Curve 3. Jwe 7, 1937
6 2 0,042 1,302 a
0,039 1. 195 b 30.8 11800
0.12 1. 045 b 8,14 7176
30 10 0,174 0,874 a
U.162 0.814 b 5.03 9640
60 20 D.162 0. 540 a '
0.164 0,546 b 3.325 12730

# Bearing of spread and direction of current not recorded.
& indicates current through the ground in one direction and
b in the opposite direction,
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TABLE IV
Part 3, Continued

L a X ki Pir Ray Fa Co-em)
180 40  0.192 0.265 .
‘ 0,187 0,260 b, 1.385 10620

180 60 0.115 0.109 ®

0.112 0,106 b 0,947 10890
300 100 0,142 0,109 & |

0.136 0,105 b 0.770 14760
600 200 D.168 0,090 &

0,158 0.105 b

0&147 D;IQQ b, .

0,143 0,095 & 0,601 23000

Part 4, Resiativity depth profile of Curve 4, June 6, 1y39

6 2 0,015 1.438 & -

0.01%5 1,555 b 11,51 4410
15 5 0.052 1,323 @& (

0,054  1.372 B 25.42 24330
%0 10 0,014 0,13 @&

0,014 0,129 b 9,25 17720
45 15 0,066 0,358 8 |

0.067 0,369 b 5,465 15740
60 20 0.117 0.431 ®. ,

Qa‘!? 0m43@ b, 3.68“ 14‘”0
75 25 0,042 0.113 @& '

0.040 0,113 b 2,755 13200
105 35 0.09 0,168 &, 4

0,088 0,148 b 1,755 11780
150 50 0,133 0,133 @& f |

0.136 0,129 b, 0.975 9340
225 5 0,142 0,085 b |

0.149 0.065 @&,

O.126 0,065 a6, 0.54 7760
300 100 0,132 0,08 a |

0.132  0.07 b 0.625 11980
375 125 0.046 0.U35 @&,

0,049 04020 b

0.049 0,03 8 |

0.027 0.010 D 0.5 126 50
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TABLE IV
Part 4, Continued

o
=
=t

: B ir Bﬁv $o (a-cm.)
450 150 0.115 0.075 &,
ST 06l b ouse 16680
600 200 0.129 0.078 @&
041 14 @,G'}R A
0sti2  0.044 b 0. 51 1955
950 250 04133 0,067 @&
0. 129 0,055 B, ©.465 22250
1050 3% 0,073 0.019 b,
0+074 0‘a2£ B
0,135 0,04 ™
0.134 0,043 b,
0.134 0,040 P, 0,415 27820
Part 5. Resistivity depth profile of Cuxve 5, June 7, 1539
é 2 0,011 1,483 & |
0,011 1,410 B 131,5 503 50
i5 5 u.aze 1.469 & |
0,068 1.310 b 21.05 20400
30 10 0,122 0.882 =& '
0.119 0.B61 b 7,23 13840
60 20 0,121 0.217 @&
O 116 Du22Y . 1.88 1210
120 40 0,192 0.071 @& |
0.1015 auagw b
0,101 0,068 @&,
0+1005 04,081 b 0,792 6060
180 60 0,101 0,051 = |
0,094 0,05 b
0.088 0,049 b. 0. 564 6480
240 B0 0,165 0.061 @&
0. 13 0.090 b.
Vo1& 0.93& 8. ‘
0.122 0,084 b 0. 507 1110
300 100 0.082 0.033 # .
0.076 0.030 =&
0,074 0.083 b 0.48% 93590



ZABLE IV
Part 5  Concluded

L & 1 E bir Ry o Canem)

450 150 0.142 0.065 &

0,138 0,055 b |

0.138 0.064 @& "

0.136 0,052 b 0.426 12220
600 200 0,105 0,032 @

0,101 Q.05 b ‘

0.104 0.031 a

0,101 0.051 b 0.406 15550
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Vil

Interpretation of

Apparent Reslstivity-Dloetrode Separation Curves

Introduetion It is the purpose of this Chapter to discuns

in some detail the varlous methods that have been proposed
for determining the depths to horimontal discontinuities
in resistivity, and the magnitudes of resistivity from
field nmeasurenments of apparent resistivity at different -
electrode separations using VWeuner's confliguration, of
three equal intervels between the four electrodes. To
avold the confusion which would regulit from plunging into
detailed deseripbtions at the outset, the first part of the
chapter is devoted to a general outline of the methods,
and of their relatlve importance in practice. Most of them
are of historical Importence only, The balance of the
chapter 1le ¢iven to detalled exemples of the various methods
as appllied to data obtained in the rield by thes writer.

General Outline of lethods The following outline will be

used as a gulde Tor the following dls¢ussion, and the
detalled exemples at the end of the chapter will be considerod
in the order in whieh they fit into thils schome.

I, Impirical lMebthods.

II, Theoretical Hebhods,.
Be Graphlcal
1. Tege's method and variations.
a, Two layer case
(1) Tage's original method
(Bxamples I and II-Delano
Data)
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(2) Tege's modified method
(Bxample IlI-~Delano Dota)
be Three and more layers
(1) Pirson's approximetion method
(Example IV-Victorville test
point #1) |
{2) Tegz's modified method
£. Superposition Methods
as Two layor cases
(1) Roman's method.
{2) Paletea mothod, (Ixample Ve
Delano data)
bs Three and more layers
il) Three-layer master curves
2} Paletea method (Dxemples VI,
Vir, ViIi, IX-Victorville
eurves 1, 3, 4, and 5}
I. A number of empirical rules for interpretlng the
resistlvity~seporation curves were mentioned in Chapter Iv.
0f these the most veluable is the one which svates thab
the depth to an interface eausing a bend in the field
curve 1lg about 1/3 the distance between the ocurrent electrodes
at which the effeet of the chanre in rosistlvity appeers
in the apparent resistivity. This rule is not universally
arpliceble and is much less relisble than theoretical methods.
it is, however, a useful cheel on the order of magnitude
of theoretically obtalned values, and to choose the most
probable value if the other methods sive soveral appavently
equally likely values, It's use will be illustrated in
conncation with the exemnles of the Ialetea method.
ITA. Tor the wmale of cmmpimtmnmag it 42 well to point out
that there are no analybieal methods of detormining the
depths to discontinuities, and resistivites from the fleld
data, by use of the reslstivity formulae. Ilven in the
simplest case of two leyers the exprogsion for apparent
. N4 o A N s :
resistivivy JZ “f?ﬁ1'4£2szgfj CW?Z:?TE @ﬂ?ﬂ%?%] {52)
(76)



18 so complicate: that there is no posuibillty of anlving

for h and §, » for that reason praphical methods nust be
uoed ¢

IIB, ‘There are two maln types of method for graphiscal
interpretation of fleld data., The first of these nlots

the fleld data in curves with the appafant resistivity

as ordinate and the distance between the potential eoleectrodes
"a® as abselassa, It further requires mumerical eanloulas -
tlong from a set of theoretical mester curves described
below and the drewing of other sets of /raphsg. The other
method plots the field data on double logarithmic seanle,

and det-rmines the depths and resistivities direetly frmm‘
the magter cuvves wvithout any caeleounletion or further curve
drawing. This latter method 1z so superior to the other
that for practical work it mey be considered the only method,
It 1z an interesting fact thet although this superposition
method (Faletca method) wasvﬁ@valoped in Russisa ag early

or sarlier than the first method, 1t was not introduced

in the United States for a numbor of yoars after its
inception, probably because of the languaze barrier,
Veamrhile the Tars method hod become entrenched in the
literature of thils country. It is illustrated here because
of ite hictorical Interest and for cormparison te denonstrate
the sreat superiority of the superposition method, The
procedures, and difficultles whieh are encountered are
brovght out in the examiles and will not be discussed further
hoere. |
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Proparation of the Theoreticsl Two-Layer Laster Curves

The twoelayer methods of interpretation to be deserlbed
below nake use of sets of master curves derived from the

ﬁXDrﬁﬁﬁimn
m ) ) -
7;» =+ 1 Z (f +9 / T emte dare-er  (52)

derived in Chapter IV. This equetion gives the value of
the ratlic of apparent resistivisty to surface resistiviity
In terms of the resistivities of the two layers, the depth
"ht to their horizontel plane intverface, and the onner
confi uration cleetrode separation "a", It is to be noted
that the resistivities in the right hand member oecur only
in the refleoction factor k s ft_?_ and thet the depth and
olectrode ceparation occur only in the form of thelr ratio,
The rlﬂhﬁ membor of equation (HB2) has been evaluated by
various wmrkarw, vut the only set of tabulated values to
whieh the writer has access are those given by lvwln
Roman, “These ere included in nis article Some Interpretam
tions of | M@gﬁﬁ.ﬁ@ﬁiﬁgghjgag;ﬂggg(a) and are also apponded
to his paper How to Compute Tables for vetermining blectri-

oal Registivity of Underlying Beds snd thelr Ao olication

to veophysical erblems.‘b) Becauwse many intornretations

given below are based on these tables, they arve cmpieﬂ

heve as ‘'able w(“). In working with the curves made up
from these tobles (Firure 21, Flates VIII and IX) it was
Tound neaesuarw in gome cacés to interpolate for values

of "I intormediste to those riven in Table V, This

(&) A.l.l,Be "Goophysionl Frospecting” lﬂ54 Dy 105

(b) U.S.Bureau of liines, Technical Faper #502 (1931)

{c) The notation used in this paper in qubduituted for that
of Roman who uses "Q" for the reflectlon faector “k",
nd" for the cleectrode soparation "a" and "e" for the
interface depth "h",
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TABLE W

Body of table gives ratio S/y gorresponding %o values of
k listed &t top and a/h at the side.

a/h k
Ou1 0.2 0.3 0.4 0.5
(VI 1.0001 11,0002 11,0002 1.0003 1.,0004
0.2 1,0006 1.0012 1.0018 1.0@24 10031
043 1.0019 1.,0038 1 005& 120079 1.0101
0.4 1,0042 1,0085 1.0131 0:7 t.0226
D.5 1.0076 i i.uaﬁﬁ upc ‘waig
0.6 1,0122 11,0249 1,0380 1,0516 .9658
0.7 1.0178 1,0361 1,055 1.0751 1.0959
0.8 1.0241 1.04%0 1.0750 1.1022 1.1307
0.9 1.0310 1,0632 1.,0968 1,1320 1.169%1
1.0 1.0383 1.0782 1.1200 1,1639 1.2104
% 1.0458 1,0937 1.1441 1.1972 1.4535
1.2 .0334 1. 1095  1.1686 .¢5i< 1. 2977
103 1.0610 1,1253 11,1932 1.2654 11,3424
1.4 1,0685 1,1408 1.2176 11,2995 1.38?2
105 1:07% 101,‘)60‘ ‘uﬁ“-*ﬁ 1;34331 1. 4316
1.6 1.0828 1,1708 1.2649 1.3660 1.4753
1.3 1.0895 1.185 10 2676 1.3981 1. 5160
1.9 1, 1020 11,2118 1.3304 1, 459} 1.6002
2.0 1.9078 1.2243 1,355 1.4833 1.6395
21 1. 1134 1.2362 1.3698 1.5162 1.6776
2.2 1. 1186 1. 24" 5 1.3884 1. 5429 1.7143
2‘5 1.1& 5 i 1_40.58 iu5686 1;749
244 1, 1261 1.&665 1.4225 11,5932 1.583
2,5 1.1325 1.2780 1.4384 1,6168 1,8168
2.6 1.1367 1,8871 1.,45%6 1.6395 1,8486
247 1. 1406 11,2957 1.4651 1.6612 1.8792
2.5 1.1442 1,303% 1.4820 1,680 1.9067
2.9 1.1476 1,311 i.4952 1.7019 1.9372
3.0 1,1508 11,3190 1.5077 1i.7210 1.9646
L 1. 1538 1.3259 1.5196 1.7392 1.9910
3.2 1,1567 1.3325 1.5309 1,757 2.0164
e 11595 1.3388 1, 5417 1-73?5 £.,0409
§,4 1., 1621 1.,3448 1,5521 1.3 96 2.0646
3¢5 1. 1645 11,3504 1,520 11,8051 2.,0875
3.6 1.1668 11,3558 1.5 15 1.,8200 2,1096
3. 11711 1.3657 1, 5892 1.8479 2.1514
%09 1. 1730 1, 3705 s 5974 1.8610 &,1712

Qe faken from Romen, AIME Geophy®sical Prospecting 1934
Ps 183, with change of notetion.
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TABLE V econtinued

arsh k
0.6 0.1 048 0.9 1.0

1.0005 1.0006 11,0007 1.,0008 11,0009
1,0038 1.0045 1»00b3 1,0061 1.0070
1,0183 1.0146 1 01 1.0198 1.0227
1,026 1.0329 1.03 5 1.0445 1.,0512
1.0504 .oaea 1,0705 11,0816 1.0939

1.080 ,0964 1o 1131 G, 0311 1.1513
11178 1.1409 11,1656 1.1924 1,2225
1. 1607 1.1926 1,2268 1.2640 1,306¢
1, 2084 1.2502 1.2952 1.3445 1,4008
1.2596 1431235 1. 3094 1i4322 is 5045

ta i 1»315 13779 1.4480 1.5¢5 1.6157

& 3689 1.4458 1.5298 1. &} 1,gﬁa@
tald 1.425% 11,5151 36158 g g 1.8550
Ted 1.4819 1. 5851 1.6991 f.82° 1.9610
105 1. 5383 1.6553 1.7851 1,93 7 2, 1099

15942 17251 1:8913 2.0385 2.2410
Ehyz 1z 112 21448 23740
147051 624 2.04z4 z.2510 2,508

2,

> - » » @

= 0O L OoOQOC

R % @ ® 3

YDA L

g 1.va95 2.1268 2,351 2.643
1.8072 1.9954 2,2103 e abe] 2.71%9

%,8575 2,0599 2.2926 5.5678 a¢9167
u@?ﬁ? 2.2450 2,5%¢1 2 88 2o 3294
2.0434 2,3039 2,6093 2.9600 3.4675

2.0865 2.3613 2,6852 3.0808 3.6057
2. 1283 2.4173 2,7598 3. 1506 3.@439
2. 1688 2.4719 2.8330 3.2795 823
2,2081 2.5252 2.9080 3.37?4 ¢ 0208
2. 2462 2.57172 2,9751 2.4743 4.1593

e.a&g 2.6280 3.04;1 3.5703 4.2978
¢.51 9 2,6776 3.1133 3.6653 4.4364

5 2.7259 35.1804 32,7593 4.57150
dn} Ze 75& 3’0#465 5.8,‘725 4, 155

2
2.4518 2,8640 3.3746 4.0360 4.9507
2,4825 '9%39 3.4371 4.1263 b.19¢4
205415 2.9928 3.5590 4,3045 5.4065
2+ 5698 3.0}33 3.6184 4,3922 5,545

. s ¥ e @
L=l o 5 2 G ¥ & 28

s 2 8 8 . s 5 B *  » ® ¥ @

UMW LIS WIS RO o etes
W= VPV -

5 5 B 8 »
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a/h

4,1
4.2
447
4.4
45

4,6

4,
4.9

a0

a/h

B 3 ® * B

—-OCcCOO ooooc
OV AnPWE O~

> 88 3 ¥ ¥

2e J

5.0

Q.1

1.1765
101781
1. 1997
1, 1813
1. 1827

i
14185
1.;36;
10 3 |
1.1Bg8

~0, 1

0,927
0.9574
0.998&
0.9259
DayPeh

0.9861
0.9828
0.5768
Qey708
0.7633

0.9562
0. 9490
0,9419
D350

TABLE V continued

0.2

1.3389
s 3829
1. 3867
1+ 3903
14 3938

13992
:0$Qﬂ4

054
114082
iw4091

wiy 2

0.9999
0, 9989
0. 3964
045919
0.9853

0.9767
0.5662
045543
0. %414
0.9279

0.5141
0.9002
08604

WD OO0

Boey

k
0e3

1.6128
146200
1.6269
1.6336
1.6400

146461

-043

049948
0,983
0. 59246
G, 9880
0.7782

0. 9654
2
0f393g

0.8736
0.8534
0.8335
D.8142
047958

07617
0,462
07217
0.7182

G.ZGB&
00,6833
Q«6‘34
Q.60642

W

0.6344
0.628

Ued

1.8859
1.89717
149090
1.9199

1.9504

1.9405
11750
T 9591
122887
1.9715

=0 o

0979
0.9978
0.9929
0.9848
0.9713

B s & 8 =
GOl ~JA=-a
O s © o B
1D s COCO FosD=J

5 & 3 % *

o
-t

CDDOOO oo CO oo t =R ol =¥ =
L J k-3 ] L 3 -3 & » - > =
5 AT w oo
m&%ig BRBIET o S
BEETES S5t
APl N\
COCVO COOCO DOOCO COOOC:

05

2e2092
2. 2271
e 2484
2.8613%
2, 27176

2. 28933
2. 32354
24331
2.3519

w5

0.??56
0.3573
0, 9804
0, 9646

0. 9439
0. 2150

&= ® T 0w

2 & o = »
Vit Oy I =J=mD

ot =N
[='5]
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&?g‘éﬁfe

2oy
O

s s s
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s/h

4,1
4.2
43
4.4
4.2

4.6
ol
4.9
5.0

a/h

* 5 & & 9

mODOL0O OO0

- * & & =

el s mmd
s * & =B

i

oW - O

LONOND )
AN
=210

o~
©

COOCODD DOoOOOOC
P - x5 %
ﬂﬁxﬁaga: §§¢

OO wa :

AR

PABLE V ocountinued

0417

340738
31189

311886

3¢ 28510

k
0.8

5i6767
i

313464
5.9010

e 354
4.007¢
4,059
4,111
4,1614

x
«0,8

0.7

8:§§£§
g:%aga

0. 2620
Qéﬂ}ﬂg
OuaT”‘
0. 1991
0.1825

0,167’
0, 1544
0. 1430
90132‘
0,122

67928
69315

»1,0

9 & & ¥

0. 1044
0.0911
0.0725
0.0693
0.0604



TABLE V oconeluded

a/h

D2 ~0.3 =04 045

“001

QQQQQ

lllll

IIIII

”1.0

“0.7 © 0.8 0.9

~0.6

T S T
A N ONsE
B Al Tk
oSO oC0
s & @4 3 =
DIOCOC
mwaa%ﬁnaw
o2 NWD v
=3 O OND
.....
DO SOC
0o N g
o O O
2= Fan o NG 20
T g gees g g
.....
ScSCoOQo
WG O
o e ™
i e A Sl
Bt Rt et IS Rt
2 & & © 3
co200
sbF T~ ENO
o Ny
A R
OO Ty Y
* & & 5 ¥
felals Bo ke
w0 oy <F I
€ % 2 ® &
Y

0
0
0

‘D.2282 0,

0,2240 O

‘0#3205
0.2905 0.2108

0.3083
32
022965 0,216

0.2935 0.213

g8 0.0126
108 0.0109
90 0,0095

:
.

4 0.0082
60 0,0070

«01
0.0648 0.0061
0.0637 0.
0.0
0.0
040

62 0,0
0.0

0.1386 ©
0.122% 0,
'041367 0.

0.2879 0.2083 0,13

0.2855 0,2061

‘0&1541

0.2%53 0. 2041

0.2

13 '0.,2022
0.,2794 0©0.2004 0.129%

0053
6

U.004
0.0039
0.0034

14
610

4

Zﬁ

6

1255
0.1245

4 '0:12
2 0.

:

1?83 D.12
:001950

&
Je 19
6 '0519

0¢27Z
0.27
0.274
0.2733

:,6
i
4.7
5.0
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a/h

PO o= o o b
2 $ ¥ 3 = =

bt ol
b 2 @ & B
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wn P S Bl
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a/h

-
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CO-J O\

wd mmt
» @ -

h o iR AR L mdr
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SN O SRR O

s B Blortai
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-
e
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A
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2. 242
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2. 523
2,705

2,872
) 56
30225
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TABLE VI ocontinued

ash k
bt 15 - 25 -5 35 -4 5 - 55

0.8 0.966 0.943 0,922 0.901 0.881
0.9 0.95 0,92 0.500 0,874 0.848
1.0 0.946 0.911 0,877 0.846 0,814
1e2 0.925 0,877 0.83%1 0‘7%g 0,744
1&3 0.914 0-8 0 0.808 0.?‘, B 1% 10
1.5 D.894 0,828 9,765 0.705 0,647
1.6 0.885 0.613 0.743 0.680 0,618
1. 0.868 0,786 0‘209 0.636 0,566
1,9 0,860 0,774 0,692 0,616 0,543
2.0 0.853 0.762 0,677 0.597 0.522
2.1 0.846 0.751 0,663 0.580 0,582
2.2 0,840 0,741 0,650 0,564 0,484
N 0,828 0.724 0,627 0.537 0.453
2.6 0,818 0,708 0.607 0,514 0,42
z,g 0.814 0,702 0,599 0,54 0,41
2, 0.810 0,695 9.521 0.495 0.40
2.9 0.806 0.690 0,584 0,486 a.ggg
3.0 0.802 0.684 0.577 0.479 0.
3a 1 0,799 0.680 0,571 0.472 0.381
5l 0.796 04675 0.565 0.465 0.374
Be3 0,793 0‘621 0,560 0.460 0,368
Ted 0,790 04,667 0.555 0.454 0,362
e 5 0.7188 0.663 0,551 0 44% 0 357
3.3 0.784 0,657 0.543 0.441 0,348
2 0.782 0,654 0,540 0,437 0,344
B9 0.780 0.651 0,537 0.434 0,341
4.0 0,718 0.649 0,554 0.431 0,338
4,2 0,715 0.644 0,529 0.425 0,332
4,3 0.7%5 D.642 0,526 0.483 0.330
4,4 0772 0.641 0.524 0.420 0,327
4o 5 0,771 0,639 0,522 0.418 0,325
4060 01769 0@63" @Qf’% 904"“6 00523
4.30 0,768 0,636 0,518 0.414 0,322
4, 0,767 0.634 0,517 0.413 0,320
4,9 0.766 0,633 0,515 0.411 0,318
5.0 0.765 0.632 0.514 0.410 0,319
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interpolation was linear and the valuce computed by the
wrilter are linted In Tablse VI, A few characteriaties of
these evrves may be seen Prom an exemination of equation
(82)s The velue of L anproaches § for infinitely small
velueg of the eleetrode separation Ma" as the ternm a/h
then beoomes infinitely great and the expression in the
brackets approasches zero, Himilarly, for infinitely large
valuczg of "a” where a iz lerge conpared to nh for coven
very larpe v lues of n, the term in tho brackots approaches
the value %»ana-%;a@prouohes
= Pk ’Vlrl _ ! __g - Where ii—;; <+

’flé(w) = J+ l——fi_—r%[)d : S '

It 5%15 plotted apainst a/h, curves for all velues of k
will stert at (1,0) and approach f} *—§zfor vory large
values of a/h. The curves approach the values f% = 1

and ﬁ%ﬁé-%g horimontally(&) so that Tor very small finite
values of a, S« 4o r;s‘t;ili very n@&r]vf , and for larvge finite
values of =, Y- ia n@arly'ji. The raletea supernosition
method meles use of mﬁst@r curves in which ﬁ%ﬁiﬁ nlottad
acalnet. I/h on double logarithmie paper where I oqunls

3a, and ig the distance between the current electrodes, The
data fér’thesa raletee curves vas computed from the intersral
forr of the sxprossion for the apparent resistivity,
Tables of data ace not rensrally availeble, bubt the curves
are shovn in lete VII at the end of the text throush

the courtesy of Dr, Potapenko. Differences in the manner

of plotting the data for the master curves are l1llustrated

in the oxam les

(a) Humel A,I.l.h. "Geophysical |rospocting” 1032 p.404

(79)



Tho uwse of lage's modlfied method regulres curves showe
ing the value of the ratio of two apparent resistivities
gotten with & chosen ratioc of eleetrode separations In
terms of the ratlo of the smaller separation to the interw

face depth b for varlious velues of k. That is, values of

LN ?”ﬁ _ |+ 4 E W Ly — e
A VI T
yq ,*L’;‘,ML]T,’_—@FW Wrﬁﬁ_ﬁj

are computed for a chosen value of n in terms of a/h and
for a verios of different values of k, Table VII shows
the velues compubed with the aid of Tuble V for the casge
n = 2, The values of f‘are listed in Table V oprosite the
value of a/h corresponding to the sleetrode separation a,
ime valu@g%iccrmﬁﬁpomdiﬁg to an eleectrode sepsration 2a
ig then fdund in Table V cpposite a value of a/h twice as
large. The division of ¥ %“ by - é was carried out on a slide
rule. Uhe eurves nlotted from this date are shown in
Mlrure 24, below, It mey be noted here that whether the
ratio telten nz abscissa ls expressed as a/h or the recipro-
cal h/a makes no difference in the evaluation of the curves,
or in their useo, other than In the natter of convenience
of the numericnl wnits in wvhiech the aboclssa 1o expresgsed,
The same is true of the use of the resistivity ratio:%gmr
the conductivity ratio %%’as,urdinate. Tage preferred the
use of the conductlvities whore the lover layer has the
creater resis Livity ag this limits to unity the range of
ordinate values, buﬁ the wvriter has used the resistlvity
form becaune that is the form used in Roman's tebles. It

g true that use of reciprocal values of coordinetes will

(80)
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651
61

a
4

¢l

the top of the
=140

"0:4
0,99
0+98
0.98

"'"(3.9

0,944 0,92
8
8
1
7

9 0.804 0.73
0,720 0.644

VIL
k
«ﬂ.;
0.
B34 0,
7 0.816 0&
0,727 0.
0.735 0.
2 0,744 C.
«0.8
9§ 0,996 0.996 0,996 0,996

0,998 0.yy4 0,990

0.75&

L]

listas values of Tw/5.

0.971
0,884 U, 84

TABLE
The body of the table
888 o0
8
o8

«l
62
0,970 0.v42 0,913 0.88

«904 0,857
J

Ve01
21
w07

L]

SOSOD

0.909 0.9

“0,1
=046

gorresponaing to the values of k in

teble and of ash on the slde.

a/h
0.1
0.2
0as2
0.4
065

0,9675
_gﬂ9
26

0,917 0O,

« 271
0,757 04733

0.843 0.8z
05 0,671

86
0
ga

5
7

o
-
L]

.g;
8O

- ®
oo

)80 0,977 0.774 0
4 0
5 0
7 0

7
)
8
8

43 0.9
91
35

® & 3 & @

0
0
0
0
0

= O sy 1Y

e =8 & & @

o000

8
:

4
T4 0.405 0.335

0»%38
46
17 04,457 0,39

0.519 0,

4 0,590 0,

(1

« 171

145

266 0O

0s329 0.240
282 0

0.363 0.284
0.302 0,203
0.

5 0.413
gk
0s30 1
0.470 0,374 0,
(80a)

0 0.3

!
0,48
0.557 0.472

1

0,586 0,513 0.439
251

0,570 0.

0.
0.



TABLE VII concluded

a/h

nO.‘] | 4»0-8 "‘3&9 ~1e0

()46

(80b)



change the shape of the curves if a ¢ nventional numboring
of coordinate units 1s maintained, bub In the final resuldt,
it 1s merely a matter of whether one wishes to think of
the derth as twice the electrode separation, or of the
electrode oeparetion as § the depth.

1. Ta ¢'s Nethod; as Interpretetion of Two~Loyer Fileld Curves

(1) Tagp's original method., The following deseription of

the proeedure is quoted from Tag:'s neapor Darth-reglstlivity
. TOY G“.(a)‘

1, Detormine the surface resistivity,S , by o series
of careful meassuwrements at small electrode Intervals,

2. Determine the apparent rosgistivity for a number
of values of slectrode interval,

3« ¥Ylot a curve of apparcnt resistivity agained
clectrode separeation.

4, TFrom thig curve reoad off the values of apparent
reaistivity 5o for various values of electrode
separation "a", and for cach value of "a" deterw
mine the value of #4if £ 4is less than £ , or the
value of /& if 5 is greater than § .

5. JFrom the magter ocurves read off for each value of
"a" g series of corresponding valucs of h/a and
k, and from these caleulate & serics of corres-
ponding values of "h" and “k",

6« DPlot curves, for each value of electrode interval,
of "h" apainst k", These curves should all
intersect In a peoint iving the true values of
n 1'1 " &nd "lﬁ" #

Txemple Ie To illustrate this method we will use the data
from the profile taken near Delano. (Table III Part I
end of Chapter VI)

1. Let us assume, for purnoses of 1llustration, that
the apparent resigtivity value obtained for the five foot
geparation is the average of a seriesg of careful measure-
ments with soveral short separations, f =41 -cm

2e The valucs of apparent resistivity obtained for
s nunber of values of electrode geparation are shown in
the following teble,

() The lMining larazine, Vol, LIII #3 (Sept, 1935) p 150

(81)
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a (Feet) Sa (mem) a (Feet) S (ca-cm)

20 4830 90 3200
30 4020 100 3060
40 3600 120 2760
50 3350 140 2680
80 3330 160 2760
70 3220 180 2760
80 3060 200 5680

3s  The curve of epnovent reslistivity agrinst oleectrode
senaratlon le shown in 'l ure 20,

4, Uhe Tollowlng values of 5% and corresronding
volues of "a" were read off the curve of FMipure £20. As
these values are less than § , the valucs of %4 are
computed (using the value §w= 8180 a-em, from 1) rather
than the valuesof % . As the curve deviates consider
ably from some of the observed values, points were chosen
where the curve coincides with the experimental data.

The value for the 100 foot separation talen from the curve
ls lower than the experimentael velue and ineluded to see
how consistont the values of h and I+ obtained for this
roint of the curve are with the values obtained at points
where the curve is ecloser to the obgerved velues.

a (Ftu)  Sfa-mw) S5, a (Fta)  Llw 13
20 485 » 781 80 30,6 el
30 410«3 '5650 100 39*5 m‘é‘t‘?@
4.0 35640 » 582 . 160 2746 2 &40
50‘ 55’* 5 " Mﬂ 20‘0 860 8 '435

5« The corresnonding values of a/h and k were then
read from the master curves (Figuwre 21), These nay be
checked by laying a straight edge aeross the Pigure
perallel to the a/h axis for the values of %4811 ted above,
By dividing the values of a/h into the corresvonding values
of '8, & series of corrvesponding velues of h and I or-e Ob=
tained. These velues are listed in the following table.

(82)
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K=-.6 | KT0.9 | k=0.8 | KF<o0,7 | w=o¢ | HF0.5 | K=0.4 | K=0.3 | K=0.2

Sy

Feer FeeT Feer reer| reeT Fe6T Feer reer reeT

i A R ANSEANSEATEARN Yol h [ Y| h [ Yalh | Yl b |Ynlh

20 |.76!||0.83[24.) |@B23.0 |o-9)|22.0|0,97|20.6| .0Y|s9.2 |1.15 | /2.y |1.30 15.9 | 1.52]12.7 |2.30 .70

30 |.¢50||)05|28.6/ 1. 27.0|1.)8 25.9|),27(23.4|/ Y0 |21y |1-58 | /9.0]).91 |15.7 |2.65 /.3

Ho |.582||).)¢ |34.5)).25(|32.0(1.33 |30.1 |} ys|27.¢|1. ¢3 29,6 187 |21.4 |2.38 /.8 439 9.0

50 |.692/(1.25)|12.9)1.33 |37.¢|-Y3|35.0| 1.5¢|32.0| .76 |2 8.4 |2.09 [23.9|298|/8.0

80 |va5||1.39|59.7 |193|56.0|) s5|5/.¢ |1.70 |97.0 1.94 |92 |23y |3Y.2{3.53 |22.7

J00|.97Y||.38 [72.9|/47|é8.0|/.60 |€2.5|1.77 |56.5|2 05| 98.8]2.55|39.2 |4.23 |23.¢

160|994\ /93|11z 154|109 |1.68|75.3|1.87|85.6|2.19|73.1| 2.83 56.6

200 Y33 | .ye|13T 157127 (121|117 (192|704 | 2,25 88.9|2.9¢ 676

6, Curves of h ersalnst 1 vere plotted for each value

of g in Figure 22, Those for separations of 20, 30, and
40 Teet intersect ot h # 14,5%, k = «-,3756, The curves

for larger separations cannot be extended below h « 157,
k w =s& Prom the date In Plgure 21, because for large
values of &, the smaller values of h correspond to values
of a/h sreeter than five, By interpolating k it is poscible
to extend some of the curves to values of e/h eloser to
the up or 1linit of five to whiech Roman'c tebles extond,
The dotted portions of the curves in Figure 22, wers ox-
tended by voe of Ilate VIIT in which menter curves are
shown for values of k at ,025 intervels, Its use isg no
different from that of Figure 21 althouprh a double logarith-
mie scale i1g used, The faclt that no ewtension of the h-k
curve for the 100' spacing obtalned indlcates only that
h is less than 20 feet for values of k equal to and preater
than «,%%75, so that e far as our date goes, it may be
consiatent with the curves for the other spacings. Let us
asaume that the correet value of h and k is h = 15 Ieet,
k = «,375, £ i then equal to S (+r)/u-r) =680« @y gy ghoub
2800 ohm centimeters,

Bxemple II,

1, As an illustration of the effect of an error in
the determination of § on the value of h and k obtalned,
let ue assume that the apparent resistivity for the ten
foot apacing (6860 olmegentineters) is correct, and that
the surface reslstivity is still larger, say 8000 ohm~
centimeters. Ve will discard the low apparent resistivity

(83)
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w

of the Tive foot spacing which ie now Inconsintent with
a twowlayer interpretation,
2« The apparent resistlvity for the various spacings

wag shown in the table at the tor of page 8o

8« The apparent reslstlvityeeloctrode separation is
shown in Figure 20. It coincides with that of ifxample I
execont for =11 electrode separations where 1t is ahown
by Lbe brmLon lzno.

44 The same valuecs of apparent resistivity and elegw
trode soparation arm ="wd but the use of a 1jxfo?wnh value

of § oives the f@l??,‘yw different values of %,
a (Ft.) £ () P e (Ft.)  R(ae) P
20 4830 « 6035 80 3060 « 362
30 4080 « 302 100 2030 « 566
40 3600 o 442 160 2760 « 345
80 A39( 218 B0( 2880 » OO0

5. The following values of a/h and k were read from
Figure 21, and sets of corrvesponding values of h and k
computed,

p Kz=f.0 A==0.9 K=-0.8 K==-0.D ¥=-0( kK=-0.5 F=-0.9| K=—0,3

Q

a % FeeT FEET FEET FeeT |Feer FEeT reer cEET
I

APE KA AN MRS VAR FATS EATN LA

FEET

20 | ¢o3|1)Y l7¢ ||l)20 |16 7||022 (155 ||)-33 |iy.0| 155|129 /78|12 |2.21 |F.,05 3.53(5¢7

30 |.502 ||7.33|22.¢|[t Y0 |24 ||/-53 /9.6 ||(.c7|1B.0|).9) |i157 ||2.33|12.2|3.37|8.90

Y0 449 ||1y3 |26.0] .53 |2¢2 || 1.e7|2%.0|| /8¢ [20.5 |2.17 /8. | 278 |19.4

S0 |48 || 1.y7(33¢(/ 6/ |31.0| 1.75|28.6|().99 |25.1 |[2.3% |21 1||3-20 | 15.¢

80 |382 ||1.59 |57.0| 1.70|47.1 |88 |42.4|[z. 16 37.0[2.63|3°. 9|| %02 |19,7

100 | 36¢ |1 ¢2|61.9 || 1.75 |50. 2| 24 576 ||z.2y|99.7 |2.78 Bé0||%.70|2).3

/€0 | 3y5 ||/ ¢7 19581 80|889|2.03 |78.7 ||2.3¢ |67.8|3. 00 |53.3

200|335 ||169 |18 |/. 83707 ||2.06|97.1||2.41(82.6 |2 /7 |61.3

(84)
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The values of h and k are plotted in Fipure 23.

Tho curves for the forty and fifty foot cpacings were
extended (broken lines) using Plate VIII as in Dxample I.

The data from Flote VIII io

shovn in the following table.

N K@ =0, |k w=0,475| k m =0,45 | k = =0,425
& (5] JJem » | &M h|am nl|am n
40 4449 | 2,78 14,4 | 3,09 15,0 | B.51 11.4 | 4.28 9.4
50 ,418 ||3.18 15.7| 3,66 15,7 | 4,50 11,1

The center of the polnts of intersecoetion ile in this
case at about h z 10 feet, k » -,44, The assumption of a
high » surface resistivity led in this case to a value of
interface depth about a third less than that obtained in
Examplo I ' ,

(2)

knowing the aurface resictivity in finding b and k, Tege

Tage's wodificd wethods To avold the ncceseity of

81 sested the foliowing method(a) which 1g 1llustrated
sten by step wﬂﬁn the same date used in dxamples I and IX.

Exgmnple IIT, v

l. Determine the apparent resistivities for a number
ol different electrode intervals, These valucs are tabulated
on page ! .

2e Llot an appavent resistivity-electrode separation

curve, This has been done in Figure 20,
3o itead from the curve the apparent resistivitles

corresponding to s number of different eleatrode intorvals,
Also read the apparent resistivities corresponding to a
second set of eleetrode intervals brarins a zet ratio to
tio firpt. Tor example, let us take for the (irst set of
intervals 20, 30, 40, and 50 feet, Our second set 1s then
40, 60, 80, and 100 eeot 1f we select the ratio 2., (We
heve chosen the ratio two, because the master curves in
i ure &4 were derlved for such a ratio., There is no reason
for not using peirs of resistivities for a series of ratios
of ocliectrode gpucings such as 20 end 40 feet, n w 2; 20 and
30 feet, n w 1.5 ete. 4s will be shown below the pre-
paration of a set of master curves for each ratio is not
necosgarys, The only 1limit to the cholee of ratios is
that they be larme enough so that the difference between
the intervaels represents a significent portion of the
apparent reslstlvity eurve and that they are not so large
that the larger intervel is more than five times the depth,

{a) The Wining lejazine, Vol, LILII, 73 (Goptember 1985) p,148
(85)
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The second restriction is imposed because of the limlted
range oi Homen's tables, fJor purpvosee of lllustrating the
method ag fivet siven by Tags, we will assume master curves
off the type in Iigure 24 are necescary, and to avold the
labor of computing several sets of such curves, use only
the ratlo 3.5 We will designate the first set of resisw
tivities fa , tho seoond set %. « ThHe ratio of the rosige
tivities for sach value of a iz shown in the Tollowing
t&bl@.

allte) £ {n-om) £ (Fr) Lala-cm) Pty
20 48B30 40 5600 » 746
30 40820 60 3250 808
40 5600 80 3060 +849
50 3350 100 2930 875

4 Trow Figure &4 wve road the following corresponding
values of a/h and k in the same mammer sz from Flpure 21
in Lxawmple I, From theee values of a/h and the correspond-
ing values of "a, the corresronding velues of h are computed

a $ra |[fr==to k=-0.9 | «k=-¢.8 =~ 07 if==0.6 k= -0.5 | W=-o.y il 7. Fdt
A I FEET meeT | [FEET FECET 734 FEET T 1 Feer it
REET A Ynl h “l/b J!,,,q’b AR Ul h 2l h Y ,i', ,a/," Wi A
.2 i RE 3.8 | ©.5 ZE.9 5o.5 —
! e = 10,257 0.9¢0
e 8.1 ©.5
.79‘ 0. Y86 ,HQ.SIS _p.5y8| o892l lo.¢56 296 | T »
L o ¥ s 0.0 $5.3 r""—‘ L A
30 : 76.9
20 | BoB|loyze 6.44% loyee | le.seo o.542 0.606 | o.316 183 |
107 1ol 6.7 9.1 |- 89.3 77.0 ey - ;yq
° ‘ ; /,6:8
10 1899|037y o396 o] loyge|  |aypy . % 258
N7 190 132 dq | |18 107 5.2 ZXI T7.C
*° A
_ |:875]jo.aye|  |o3s8|  |oazs qor] o2y o468 o.52¢ o3 5y

. By The curves of h acainst = for each valus of ‘a” arg .
ghown in Flpure 25 as solid lines, The data are insuffici-
ent to show eny of the pointz of intergectinn. The broken
lines in Figure 20 extend the curves so as to intersect.
The values of h and }k for the extended portions of the
eurves viere obtalned from Flate VIII by the following
method. A plece of tracing paper was placel over I'late
VIl and three dots marked on it, One was over the origin
of the graph, a second along the log(a/h) axis at o dige
taince from the origin equsl to the ratio of electrode inter-
vals (in this case 2), and the third with the same abscissa,
and an ordinete squal to the ratio /% , The tracing paper
wag then slid over the master curves untll the first and
third mg these dots bgth fell ?n the same ourve, For the
value of k corresponding to this ow a valug of a/h conld
then be read Trom the‘absﬁiaaax_apﬁgg?ﬁe B EK@' _

(686)
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Az the curves ore rlotted on & log log scale, what we have
done isc to find a value of a/h on a curve with a given
volue of k, for vhich the entllog of log(™/f ) - log(%s)
{or F«i%) has tho desired value. This 1s in effect what
ras done in eten 44 above, except that the use of a

loi arithmic reale obviated the intermediate step of meking
o table and get of graphs sueh as those in Flroure 24.

Care must be taken to keep the axes of the master curves
and of the trnelny vaper poarallel by keeping the first

and csecond of the three dots parallel to the abseissa of
tho rnaster enevea, Tids raephical nethod bas another
adventase in the use of tables which are only extended to
values of o/l ag ;reat as B, As Bhe curves approach hore
jzontal essymptotes for larpe values of a/h, and are emooth,
it is peorelible to approwinete fairly closely by eve the
extenslon of the curves to larper values of a/h, and this
alos poseible the extengion of the hel: eurves to the
critical smaller values of h, ¥Yipure 26 shows several
cu.veg Pfor varlous values of a and n obtalned praphicelly.
Whese curves converge ab a value of h of about 15 feet,
indilenting that the lover reslistlvity veed in Txanple I
was the better., The wata for these curveg is :iven in the
£ -1leving table.

K= W | kK w | N L3 L3 K K | K K w o
a le Pona (|25 [—09F|-cip80.4 |- eans ~d. 35|~ -0, F [S0.295 |—0.25-~0.225|~C. 2
‘ — Fr| o [FT FTla, 15T AP GAEMGS £r Er (=33 Fr. A
e A RS AN A S AV AP AV SV AT A AV AT VAR A L
R 8.0 8.9 a5 [19.3] 7.9 - ] R
I 2. _|2a.3] 25 5 L75 = =
20 [ 2 |. — 67  [B99Y 22,5 (s 1.5 )
37‘“,*925 lse o  legs llog I
[ e - /o, 2 10,7 0.3 .6 12.4 733 4.3 5.6 185
| 2.7 2, o 12 5 2.25) 120 492 |
Jo | 2 [5o.0]  [45.9 44,0 2.8 39.5 375 |39 F0.0] 1.0
808 floco| los 0| [os 907%| lego| lo.88] |tes| lras
- - |za 3.0 3,8 4.3 .8 L B T 18,2 75, 23.¢
3. 25 2. A z __ 2.8 R7a 2; 5 iy 2.2 L95] =
%0 |2 : P B (= N T | RN === I (¥~ M % J M = A % S Y (7
| 897 .52 10,58 0.5 2,57 9.4 & 9.70 72 o.80| a9l 1zo
‘ =3 4.3 14.9 15.6) 6.1 6.4 3 1.1 8.9 .6 0. 8| 3.6 27,5
3.5 Ig.;;_ 2 v 3.5 2., 2.8 2 .45 2 2., 2. 1Y) |
S5o|2 0% s %9 T lua 321 7779 Y] o4 Beal v
] 875 oy _ 9,53 1 lose 9.6) 0 o) .73 [0.89) )
7.3 (X} 8.9 I Ty - T N
2.5 ng 4 2,25 aiel  |i2s
20 |\/.5 2.2, 20.6] |y 6.8 |5y i .
83Y llogr| lrea] i 4l s
8.7 2.8 |Pq 73 g )
.30 2. ‘¥z 127 A S - _ - —
20 |2.5](, £ 27, 1c.o| [23.2 0.8 N [
699 llo.ss 72| oz o 8t o, u _
7.8 o8] ne /2.9 35 /5.8 ~
2.08 /.&J 2 | 1,551 .9 f.22] oo =
20| Y | 55| |oa] PES| |8 | |z
_ 1639 lo.vy| loyy] los: o ogr| 70| _ .
27| |3 |69 7.8 725 %3 7. X [
5 3./0 2 .25 2.5 PAN ) 1,75
] _ 33. 3Lz 229 8.6 z5.e 22,2 /8.2
/33 895 0.90] .96 /.62.] log|  |az L35 /.60 _
u [ I X R T i) 7. (7.3 | G.£| (i09] ==
3 . 225 2.6 2ye [T 2.6 4 8l .
0 ¥o. 37.5 53| [3Y.5] [543 28. 25 B
/€7|.83 [ozs| o La,g_] ° o. Los 7;.;: o Lo
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1b, Interpretation of fiold curves invelving more than

two layors

(L) Pirson's guccessive aprroximation method
The extension of two layer me.nhods to bthe case of

three layers is based on the assumption which exporience
has shown to be correct that the two upper layers uay be
troated as a sincle layer of their combined thickness, and
of an effective resistivity intermediete to their Individual
rosiotivities, fThe third layer is then the lower layer of

e second two layer problem. To use Tage's original method
1t is necessary to know the valus of this offectlive resisw
tivity of the combined upnrer layers, As this value de-
pends on the depth to the third layer which is not known
from the solution of the ourve for the upper two layers,

. volue ig rmessed by an enpiriesl apnroximation and g
tentative value of the etfective resistlvity 1s computed.
Usinge thls value as an effective first layer reslstivity
the depth to the third layer is ecaleulated by Tagg's origle
nal method and if this valuwe differs much from the essumed
value, it is uvsed to caleulate an lmproved value of the
gffective resistivity and the method is vepeated.

Brample IV

To illustrate this method, the deta (Table IV) obtained
at Tost Point #l nsar Victorville are used bocauss the
depths to the interfases are shallovw and the depth to the
sgeond interface is kmown from obgservation of an adjacent
road cut to be about 16 feet. The apparent reslstivityw
nleetrode separation cwrve is shown in Floure 87, We will
estimate the value of 5§ to be 13,000 ohm-centimeters.
(This value is that given by the spuperpositlion method
Ixample VI below, The lower walue of S, of about 8600
ohm=centimoters sugreated by the values of apparent reslge
tivity for small specim:s does not pive a good intersection
of h, ¥ curves and may be considerably in error bocaunce of
the effect on the resistivity of the ;round for a snall
dictance around the eleetrodes whieh were wataersd to cut
dovm contact rosistance,

(88)
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a ft E/ fra-lo 2=0.9 |F=-0.8 |F=-07 “'=j-‘?-s K=—6.5 |K=-0425|N=0.y |r=~0325| #=~0.35 N=,—C.3?.SJ H=—8.3
’ Q ; ‘| g “lg A7 a ET Fr|_ |Fr|. |F™ = FTla,

VAR AR AEE Y AN AVE N AT VALV A AV W/ )
57 4 [5.08 .9 Y| P7a|  [3.33 g [Led  [zm| @] [

>3

FEET|A~Cm

6 lgoo|.651||ses| (4| e8| lnze| lavel lase| l28d  l29)| lzed frae| |2ss| |ae
<78 eyl 5?7 [=ee|  |aw Y [Bar|  Bea| [3ea| 2o 2.as| (482

8 7000| 580|118 125 .34 iye] lh.e3 +90 22y 2.4 .69 2.9¢ : ¥,
7.7 730 6% &y s4) |4 B.¢4| 326
/0

2,78 1./&
’ \6240| 52 |ltap| |r3y| l4ws| lies| lrBs| lz2d hgs 67| 13 58 ‘ 5
9,92 8.8d .13 9,32 €.35 &l P?z‘ 30| | T
g .20

/3 |se76 |.y73|luze| lovsl  l16o| ln7a| lnes| puss |35l 4
16.7 0.0 9.26 8.33] 748 5;75L Y10 3.30f R "
» «

’5 5600|467\ lius| |15o| |rea| |ge 7.5

2,61

The above table lves the data obbtalned Irom Flate
VIII for the b, k curves in rigure 28. The intursection
of the curves rives values for h,and k,of 3 foeb and =~0.4.
The next problem is to find the depth h, to the second
interface, To do this, the two upper layors are considered
replaced by an equivalent single layer of thiclkmess h. and
resistivity £'» The firet step ls to find thig effective
resistivity so that the ratios f/e may be computed and volues
for the h ,k cecypryos obbained from the two-layer master
gurves, lHumel'®’! has shown that Tor electrode separations
large with respect to the second interface depth h. the
effective vesiotlvity of the two upper layors is piven by
¥irchof?'s law for resgilstances in parallel. The value
is therefore caleuwlated from the formula

b:. g H. h_h ) ha ,
e Ty or 5 E7, Rk
A

0f the quantities necessary for determlning s', h,, £, and
g are Xmown Trom the interpretation of the first mohroxie
mation curve, It is atill necessary to get & value of 4.6
The Loncaster-dones approximetion of two-thirds the depth
to the infleection voint in the sccond part of the field
eurve 1o used to get a preliminery value of k., J[In this

case we have the vnlues h, = 8¢, J & 120004,
£, = 12000 x 46/led = 5000.a-cm., and h, = 2/3 x 35' = 23",

: | 23 : .
Wo caleulate the velue §-5— o = 5400 a--tmand use thisg
1295 {-1-1-3

ags an equivalent surface resistivity., The following
table rives the data for the h,k curves of [Misure 29,

(a) AILE Geophysicel Frospecting 1932 p 418
(89)
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P 7 - w1 W ] v
K Lo 6.9 e.s |o.7 o.¢ c.5 |eoy ©.3 ©.2
QA |va 7, y e, o |5 e | e | 7™ lan |7 lay, V57 ey, |57 |a Fr: Fr.
peer faan | T U 0 (%0 %10 B ln %814 Y 1n (Velb [%1h [ Yals
= 1 Jz7q 256 23,5 22,0 26,0 8.2 fe.8 /%9 Y
?0 €750 | /26 llozs | |oag 6.85 0.9/ /.00 116 25 L5s 220
' 26.3 2y.5 =2.7 20.7 18.5 /6.1 3.2 9.€
5
= |7%00 | LYg |laes 402 110 L2 135 | |r8S Lo 1Z.e)
6.6 14,2 22.2] 262 2.7 1g.q|  |4S .y
3e 8700 )¢5 |13 _ lpay 135 749 | 420 202l 126 7
| 28,6 25.8 FERY 0.2 /7. 13,) 8.6
70 |jorm0|1.98 /Yo 155  azy 198 2.35 3. 0¢ 5.0 I
- - T s 2¢.¢ 23, u.zﬂ 15,8 ).0
a ‘
o |/24%0)12.3) || ) ¢y ___lae 143 2,48 717 Y55

From Flsure 28 the valus of h, may be taken ans 20 feet,
the value st the interssebion of the eurves for the thirty,
forty, and £ifty foot spacings., It is to be noted that the
values for the opecinse nearer the minimun in avnarent
resistivity curve-the 20 and 25 foot spacinga-are nob
gonalstent with the others, This is an illuetration of
the faet that the two layer aprroximation ourves deviate
moat from the theoretical three layer curves at electrnde
agnarations in the region where they intersect, We nay
now apply wmel's Tormula agein o oot e new and hother
value of £ weins the better value of h,.
i 2 e

5% St F e
We may now reapnply lagg's original method to the econd
approximation euwrve using the improved value of the ef-
foetive roslstivity of the upper layers. The data for
the ourves in Figmre 30 are ~iven in the following table.

5£ GO a—CM
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L3 K 3 " [3 T w " [3 w
a 531 fg /o 0.9 ©.8 0.7 0.6 0.5 0.y 0.3 0,2

(2 ’n/ Pr e [F7 Fr. rr. Fr e Er fr =
JFE&T'iA-m h| h /5 k '?/b A ?/ﬁ h (%A (Y h q/l; h q//' 4 4/6 A

282 270 l2y.y 2.9 20,8 8.1

%.8 /3,4 9.8
29/ o, a8z o.88 9.9¢ /oS 419 Lyg 2,049

s 26,6 11Y.8 22.9 [2.1.a 8.9 %.3 3y /6.8
?fo0. 194 |lo.9¢ toy /o9 /19 132 153 1,87
3

1 2.Sel
Fe 2. 150 22,9 26,7 182 5.y 12, 2.1
) O
890a| k62 is6 a0 r.3 a5 /€8 X . o

29.2 25.8 23,7 202 a4 12 3.7
Y0 |rros| 195 432 155

| 20 |¢250 .23

; /.€9 L 93 230 z. 92 | o, &
30.8 ,,:7. 6 294 20.8 6.7 Y
L&/ 2.6 2. 90 3.0 4.3

Fo

129sa]| 2.16| /¢y

From Yigure 30 the intorseetlon of the h,k curves for the
25, 30, 40, and 50 foot spacinrs olives the value of about
21 Teeot for h., Thig value ls so near that used in calcue
lating tho Improved value of effoctive rosistiviity that
thero is no reason to repeat the nethod in this case,

I the improved wvalue of h had boen smaller, perhaps of
the omier of fifteen feet, a -till cloger apuroxination
misht have been oxpected by repeating the method.

If a fourth layer had been prerent and represented by
a third bend in the Tield curve to which a third approxie
mation ocurve micht be fitted, the method econld be apnlied
using an effective resistlivity caleulated from the formula
by
4" = _‘_7_‘ E h;,"h' h’;"b‘
A S A

vhore ha 1s the dapth to the top of the fourth layor and
estimated as before by the Lancaster-Jones approximation.
In the case of n layers the formula

‘\n-r - h. h 4 h . "’m-n & "‘ﬁ—,l—
5 T 5~ ¢ ha=by Y :
7= 3, 5, r M /o

Is used to determine the effective resistivity of the top
n=) layers, It ls apparent that the method 18 more and
more laborious as more and more layers are involved, and
that errors in determining tho resistivitieos and ﬁhick—
nesges of the uwper laysrs will produce errors in the
values computed for the lower layers.

(91)



(2) Taegp's modified method This method, deseribed under
interpretation of two layer field curves, may be apnlied une
changed to any sesment of an n=layer field eurve, and elime
inates the necessity of predetermining the effective resisw
tivity of the upper layers, It has the inherent dlsadvantage
of requiring each bend of the field eurve epproximated by a
two layer ourve to be sufficiently long that values of "a"
can be found on it which are suificiently far from maxima
and minima of apparent resistivity and which are yet far
enough apart to give values of f/f. appreciably different
from unity,

2. Superposition methods a., Interpretation of two layer.

field curves

The guperposition methods differ only as to the mechani-
cal deteils used in applying the common prineiple on which
they are all based., Thisg is the faet that 1f the logarithm
of apperent resistivity is plotted egainst the logarithm of
the distance between the electrodes the shape snd size of the

eurve is independent of the units in whieh the field data
are expressed, and of the absolute size of the values since
the distance and directlon between any two points on the curve
is detefmined only by the ratlos of the two values of ordin-
ate and of absclssa, Further these ocurves will be identical
wiﬁh those two layer master curves (when plotted on the same
double logarithmie scale) which are derived for the same
ratio of resistivities (or k valuse) regardless of the ab=
solute value of the resistivities. When a field curve is
plotted on transparent paper and slid over a set of master
curves until it coineldes with a particular eurve, the value
of k which represents the ratio of resistivities in the ground
is piven direetly by the master curve with which the it was
made, In meking the fit tre axes of the fleld and master

(92)



curves must be kept parallel so that in shifting the fleld
curve the only change made is in the relative positions of
the two ordinvtes, From the intercepts of the axes of the
master curves on the axes of the field curve, when a mateh

has been made, are obtained the depth to the interface between
the two layers, and the size of the rosistivities in the
ground., The zero abselssa of the mester seot is the line
along which the log of the ratio of apparvent resistivity to
the surface resistivity is zero, or the ratio itself is unity.
This will intersect the wero ordinate of the field curve at

a value of arvarent resistivity which is enual to the reslg-
tivity of the surface layer. Similerly the zeoro ordinate of
the master set will intersect the zero abseissa of the field
curve at a value of electrode geparation equal to the depth
of the intorface.

(1) Ruman'a method Irwin Romen was the first in this
country t? the suggestion of using & superposition
methad‘( Ha datGTM1neﬁ the loaarithmﬁ of the data for the
field and master curves from a set of log tebles and plotted
them on ordinary praph papor. It wags then necegsary to come-
pute antiloparithms to find the surface resistivity and
interface depth.

(2) Paletea method This method was developed in Russle
several years before Roman described his method, and although
it haes been %%?cuswéd in Russlan has not yet found lts way
into Inglish. It differs in two respects from Roman's
method, The most lmportant chanse 1s that the curves are
plotted on logarithmic paper in which the coordinates are
expressed in the field unite and ratios involved, but are
spaced according to the logarithms of these walues. T™his
eliminates the use of log tables. The other change is in

using for electrode separation the distence between the

(a] Some Wﬂmmmwm A.T.0i. B,
Geophysical rrospecting, 1934, p. 183.

(b) The discussion of the Faletea method given here is basged
on lectures given by Dr. Potapenko in a course on elec-
trical methods of prospecting.
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current ¢lectrodes rather than that between the potential
electrodes. This hag been found convenient where field cone-
ditions necesgitate the shifting of potential electrodes

fr m the exact locatlons required by the Wenmer confipuration.

fxample V. Figure 31 illustrates the great sinplieity of
the superposition method, The data used in Examples I, II,
and IIT is plotted on logarithmie graph paper and the it
with the master curves of Plate VIII is shown.s The values

h = 14 feet and § = 6300 ohmecentimeoters are in close agree=-
ment with those obtained in Exemples I and II] and hours of
computing were saved, PFlate VIII is a hybrid botween Roman
and Paletea becauze it uses a logarithmic graph paper but
uses the potential electrode separation instead of the curw-
rent electrode separation, It is also unique in that to fit
the master curves on the sheet of logarithm paper it was
ncesgsary to plot deereasing values of log (%/f) in the dire
ectlon of increasing ordinste. It showe however the great
advantage of the superposition principle.

2b. Interpretation of fleld curves of more than two layers.

In general field ourves will not be slnple two-layer
curves but wlll be considersbly more complioateﬁ. The super=-
pogition method can be used for theé@ f1sld curves as well
ags for the two layer case, Theoretical master curves have
been prepared for the three layer case and are dlscussed
below, However these are clumsy to use and impractlical.

- No date for theoretical curves for cases of more than three
layers is availeble, and interpretation of more complicated
durvea are carried out by repeated use of the two-layer
master curves, As this extended use of the superposition
method is by far the best method to use in routine interw
pretations of depth profile field datajit 19 deseribed in
some detall in connection with the thrae'layer field curves
obtained at Vietorville.

“{1) Use of three-laver theorstieal curves, Theoretieally
it is more acourate to compere Ihree-ilayer field curves with
master curves eomputed especially for that case. If the field
curves are approximated by two two-layer curves, thesa will

(94)




a
PABLE VIII
The teable lists the value of %/¢ or % since 5=1.
Part 1. hﬁéa h1=8

ff ﬁ.’ % 8afhz

2 4 6 8 10

1:.012,1 0,979 0.86% 0.693% 0,518 0,366
11/3 o¢9z9 0.369 0,698 o,ﬁzz 04,376

1 0.979 91879 0,706 0,53 0,388

13 0,979 0,871 0.708 0,542 0,393

110 0,979 0,871 0,709 0,544 0,396
15415401 0.930 0,848 0,674 0,510 0,380
s 143 0,9 g 0,898 0.761 0,634 0,529

;1 0198 9?978 0?‘08 0@691 0@ 21

3 o.?%g 0.927 0,831 0,750 0,719
: 10 0,98 04932 0,845 0.7g3 0,745

£ 100 0,989 0,936 0,854 0.789 0,763
1:1/3:,01 0.970 0,865 0,713 0,550 0.416
3::1 0,930 0.894 o;vég 0,623 0,495

1 1 04939 94949 0989 0!855‘ 0,8 2

¢ 2 0.997 0C.994 0,998 1,030 1,080

: 10 0,999 1,000 1,020 1,092 1,223

: 100 1,000 1.02% 1,060 1,148 1,284
1:3:.01 0.990 0.980 0.970 0,900 0.815
£y 1 1,000 0.995 0,980 0,945 o.azﬁ
£ 173 1,000 1,020 1,025 1,005 0,965

31 1.010 1*94& 1*10Q 11150 1,180

: 10 1,025 1,135 1,340 1.590 1,850

: 100 1.04 1,170 1,42 1,73 2,09

1: 101,01 1,01 1,05 1,14 1,25 1,280
$1/3 1,02 1,08 1,18 1,300 1,365

1 .02  1.11 1,24 1,375 1,480
13 1,04 1,150 1,30 1,495 1,625

11 1002, 1 1,02 1,13 1,40 1,700 2,010

1173 1,02 1,13 1,41 1,705 2,02

31 1.08 1,14 1,43 i,%1g‘ a.og

13 1.02 1,14 .45 1,10 2,0
t 10 1,02 1,15 1.47 1,78 2,14

&, Wetzel and MeMurry, Geophysies, Vol. 2, #4, 1937

Table LI, p. PB4 npaple III, p.335,
Table IV, D.336
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PABLE VIII

Ewt 10 Wﬂﬂluﬁ.aﬂ. h/*‘éa h1=8
?l.‘ 97_: -?3 Ba/hz_
' 15 20 25 30 40
13,01:.1 0.136 0.0785 0.,0763 ﬂw6810 0¢9861
t3 00194 °n1§3 leg 0. 2@ u.d
: 10 0.205 0,166 0,1 uwai 0,285
1512401 0,148 0,062 0,032 00,0196 0.,0116
;1/3 0.398 04356 9.245 0.341 0,340
0,605 0,625 0,645 0,665 0,900
;3 0 45 0.865 1,00 1,13 1.5@0
:10 g 1,085 1,2 1.425 2820
£ 100 w‘ﬁ 0 1.1t 1.3 1,620 2,15
1:1/38.01 0.182 a.@az 0,035 0,019 0,013
2o 0,278 0, 161 0.14g 04129 0,112
i1 0,850 0.85 0,873 0.895 0.930
p 1.2 1.44 1”63 1. 74 e
5 0 1.61 2,00 2,3 2.1 B.28
3 100 1576 ‘.ﬂﬁ e & 5u‘2 4#52
1:3:.01 o.zju 0323 0,182 0,106
. 31 0,650 @§‘~ Qgg?ﬁ 0.212 011&8
s1/3 0.840 0.680 0,540 0,460 0.382
$10 2,49 3,05 3e55 4,08 4,82
$ 100 5.01 399 4,99 5498 1495
13102401 .21 1,01 0.775 0,558 0.23%
21 1025 1407 0#3%0 ‘ Qi6jﬁ 00330
s 173 8 14 21 1,04 0,895 0,653
it e ab 1,610 1,54 1.45 i.gm
$3 2,05 2,38 de 5 2,67 2,86

: 100 .35 4,42 5 52 6.60 8415

15190@.# 2;69 5&*6 }p#ﬁ ¢65 3,63
2 3.5 3,71 3.82

o & .21 De 0 4,10

g 42 . 3490 4,2 4460
«81 44 53 5: 1% 6.02

(740)



TABLE VIIX
Part 2, h,-4, h.-8

gask.
2 4 2
1201541 0.932 0.,6%0 0.431 0,246 0,1
t 173 0,932 0,691 0,434 0,250
s 1 05952 Obé?‘ 0143£ 0.252
L3 0.932 0,691 0,436 0,253 04152
: 10 0.932 0,691 0,436 0.254 0,155
M ST A e o
: 1 0:958 0.1% 0. 360 0,422 0.350
$3 O»?ﬁg 0.767 0.5 0,455
+10 0,958 0,772 0.5 4 D.472 0,422
+ 100 00959 90775 D.481
21/3!.?1 g.gﬂﬁ g;?gg g.gg? g.:ﬁg 0.280
P ] Uy » v
:1 0.952 oigsﬁ 0. 726 0.6%4 0
$3 0.972 o.agg 0. 85 0«3 o 0
10 0.976 0.8 0 0.815 0©
$100 0,980 0,900 0.840 0,85 o0
3:.01 1.020 1,100 1,170 1,170 1
s 173 1.03 1u1£0 1,230 1,280 1
:1 1,04 1»165 1,320 1,430 1
:10 .05 1.30° 1.83 1,91 2
:?09 1;06 1.41 1379 2022 e
1210:,01 1.050 1,290 1,580 1.835 1
3.1 1;06 1;50 1@60 1t8§
31,3 1&06 1. 31 1«22 1.88 2.00
¢ 3 1.07 1s 34 1,73 24075
$ 100 1,090 1.43 1.92 2.45
13 1002.,1 1.04 1.40 1. 91 2.4
!113 1m0‘ 1.40 1091 2.4% ﬁnOG
:’ }mgg :azg }Ag; §Q4
! . o B H . .
A%GO 1.06 1,44 1. 96 2*28 3. 15
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13,012

—
£ 3
»
—t
P S R e o 4% 5 8o
[ ~C
o

% % $3 23 a2e 3

1:1/3:2,01
tel
11
:10
+ 100

1:31,01
e
1143
s 1

1 10
s 100

12103,01
a1
2175
t1

53
1100
131003

:

-
RSN

i8] ek —a B
<

*F 39 w4s B

15

0.0
0.0665
0.0720
0.0742
0.0748

0.&620
0423
0,342
0ud15
0,455
0,475

Ds111
0,210
0&700
1,02
1.20
1. 32

0.820
0,905
1.03
1.42

297
ﬁugo
5
1

2.06
2431
2,084
4,50

4,14
4,14
4,19
4.25
4. 50

TABLE VIII

Part 2. h,-4, h,=8, Concluded

fash,

20 25 30 40
0.0496 00,0540 0,0588 0,0665
0.068 0,077 0.0875 0.105
0.0%75' 0.090 0,103 0,130
0,0810. 0,0960 0,112 0,143
0.0823 0,0978 0,114 0,147
0.0345 00,0213 0.91&2 0.,0111
04239 04261 0.27 0.201
0.400 - 0,458 0.510 0,600
Dl.s?g 00726 DQ 58 1.12
U.61 0.765 0.920 1.24
0.0480 0.0242 0,0162 0.,0108
0.154 0. 134 D128 0D.111
1421 1.57 1. 51 1.24
’.55 ' 1y 4 ' 2’13 2- 8
1.74 2,16 2,60 5.45
0.455 0,250 0,148
0.395 0.385 0.262 0,140
0.800 - 0,610 0.495 0,390
1~g1 1.21 1.15 1410
5eb2 4,20 4,70 54 50
4,95 6,15  7.30 9,60
1.1 1.42 - 1.11 0.565
1.88 . 1,64 1,36 0.860
ST

» ™ : . Ha
Je95 7440 3;80 11.6
5400 5:62  6.00  6.40
5*00 5!62 ' 6n0§ 6.50
5,08 5.2 6420 6460
5.85 6.00 6,55 3.05
5470 6.70 7.55 €470

(944)
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0.376 0.251.
0,378 0,258

0,508 0.335
0,540 0,381
0.570 9.490‘
0,590 0,533
0,600 0,545
0.610 0,560

10510 10625
15520 1&6 5
1,540 1,680
1.570 1,770

1,630 2,130
1730 2,33
2,125 a,72
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2,15 2717
2,16 2,80
2,19 2,94
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deviate somewhat from the corresponding three-layer curve,
and thils deviation will be greatest where the two approxi-
matling curves intersect, as at a maximum or minimum in the
fleld curve. However, the preparation of such curves, besides
being a laborious task, involves the problem of representing
graphiecally curves with a greater number of varisbles. In
the two layer case the curves contein three unknowns, £, 5%, and
h, and can all be plotted on a single sheet with %/5 and a/h
or L/h as coordinates and k » %=}  as a parametbr. In the
three layer case there are five unknowms,%, £, % h,, and h.,
go that the ocurves must be plotted by pgroups for special
cases in which the number of variables is reduced by specify-
ing ratios between some of them. This 18 exemplified in
Table VIII where values of %sare listed for various retios
oi the three resistivities (with®) and verious velues of
8 a/h, for a single value of the ratio h,/h.. This data is
taken from Wetzel and MedMurry's article &:%gyaggm v ‘
ayer

Assls Inte batio: the Three '
This is the only systematic set of tables pubiiah@d go far

ag. the vrlter is aware, Curvegs from this data plot the log.
of " against that of 8 a/h,for a siven ratio of h,/h, and of
5G:0/8% /9% 5 It ls sugegested in the article that these curves
be grouped in famillios with a single value of £/z/5 for values
of h/h. of %, 7, and 3/4 on a single sheet of graph paper
together with the two limiting two layer curves for the cases
h,/h, = 0/4 and 4/4. This is illustrated by Figure 33 which
shows the field curve obtained at Test Polnt #1 near Viectore
vllle superimposed on the, family whiceh two layer apnroximation
shows to be the closest fit., The swhwardness of using 3-layer
curves becomes apparent when it is noted that 14 sets of these
curve families ave needed to ineclude only those field curves
whichk contain a minimum of apparent resistivity., The field
curve is compared by superposition to families of master
curveg until one is found which includes a curve of the slize
and shape of the fleld ocurve. Then the Tield curve is fitted
into its place ln this fenily by eye until its shape and size
are incermedlate to those of the master curves betwsen which
it falls. The position relative to the other master curves
gives the ratio h/h,; the valve of abseisma of the fleld
curve opposite the master curve ordinate 8a/h. =z 8 gives

the value of hgi and the Intersect on the field ordinate
determines % as in the two-layer case., % and % are then
determined from the resistivity ratio of the femily of master
curves, This method at present is not stricetly one of supere
poaltion because there -are master curves for go few values

of hy/hg that most field curves fall between them rather than
on t%am, and the matching involves extensive visual inter- .
polation, Further, the field conditions do not often exactly
correspond with any of the gotes of resistivity ratios assumed
in the masbter curves, end in the absence of a close it with
one of the master curves there ls offen no way to tell to
whioh of various families the field curve is most closaely
related, or to determine the value of hy/hg.

(a) Geophysics, Vol, II, #4, p. 329. October 1937,
(95)




(2) The Paletes method 'The Peletce curves for all

values of k are assymptobtic at vory small values of L/h to
the L/h exis where the apparent resistivity is equal to that
of the upper laymr\. At very large values of L/h they arve
massymptotic to the abselssa elong which the apparent reslige
tivity equale that of the lower layer. ZRetween thesge two
agsymptotic portlons of each curve iz a connecting segment
in whieh the apperent resistlvity varies continuously from
the resistivity of the upper layer to that of the lower. In
the following Jdiscusslon this econnecting segment is called a
"1ink"™, The link contelins at each end a point of inflectilon
whioh will be called a "turning point®, The values of L/h
at which the-turning points ocour are detormined mainly by
the depth to the interface between the two layers, and some-
what by the ratio of the rooistivities. The greater the
difference in the rmsiﬁtiviﬁy ratio or the larger the abznlute
value of the reflection factor Ik, the sooner the erllfect of
the second layer on the apparent resistivity ls notleed and
the smaller is the value of L/h gt whieh the first turning
point ocours, and the larger the value of L/h for the sccond
tur ing polnt, The steepness of the link inereases with the
abs lute value of k in spite of the inecreased L/h intervel
between the turning pointe beeause of a graater increase

of the ﬁ”ﬁint@rcept between apparent resistivity values of

f end §, « Field ourves of more than two layers are interw
preted by assuning them to be made up of a numbef of two layer
curves, If a third layer is present at sufficient depth,

(98)



the apparent resistivity may very nearly reach its assymptotic
value before the eflfect of the third laysr 1s notliceable,
Further inorease in L/h values will cauce a third turning
point in the field éurv@ followed by a second link turning
through a fourth turning point into a third assymptotic por-
tion whore the apparent reglstivity iﬂuvery nearly that of

the third layer. If the second layer 1s thin, the aepparent
resistivity may not aprroaeh its resistivity asaymptotically
before the effect of the third layer becomes pronounced, and
if the second leyer lg too thln, lts effeet on the apparent
reai&tivity may be negliglble so that its presence isn't
noted, A fleld curve with n distinet links represents the
presence of n 4+ 1 layers of dlstinetly different resistivities
and of thiclnesses shown by exverience to be Trom $ to 10%

at least oi their depth,

In outline the procedurs of interpreting the fiseld ourves
is very simple, Haeh snceesslve link of the curve is fitted
with one of the Faletea curves, TFrom the f1t of the first
link is determined the surface resigtivity £, the depth h, to
the top of the secomd layer, and from the values of £ and the
k of the Faletsa curve, the resistivity of the second layer
$. as in the two layer case. JFrom the second fit are deter-
nined the effective resistivity s’ of the first two layers,
the depth h, to the top of the third layer, and the resistivity
§ of the third layer. The third fit gives the effective
resistivity §"of the first three layers, hg the depth to the

(97)



top of the fourth layer, and & the reslctlivity of the fourth
layer, and so on, If each link of the curve waeg sulficlently
long to inelude both turning points there would be no ambigulty
In the fit, but in practise the links ave usually short seo
that they may be fltted to parts of links of Paletca curves
for sevoral valums of k, and there le doubt as to whether
it belonge to a certein portion of one curve, or to a less
steep portlon of a steeper curve. The different fite will
pive different values of the epthe an' reslstivities, Tha
following arbitrary rule is of assistence in determing the
moet llkely of the possible fits. If the slope of the liuk
18 steep (kI> ©.8) the mo t likely depth is that closest to
3/8 the value of L at the bend where the presence of the layer
below the interface starts to nake itmelf felt. By "bend®
is meant the small portion of the field cwrve which contalns
two turning points ot the meeting of two guccesslive links,
If the slope is small, {ki=.5) the most likely interface depth
is thot elosest to 3/8 the value of L at the middle of the
link which is being interpreted. Joints on the field curve
1lnks close to the turning points should not be trustod be-
caure they may devliate considerably from theeretical two layer
curves, It may happen that links are represented by only two
points so that they will £it the Faletea curves in many
places, In this case only an approximate sclution ig poscible.
A depth to the interface can be approxinmcted by ths rule
given sbove, and the field curve moved over the Faletea
curves, with the value of L egual to th- gpproximate depth
(98)
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kept on the L/h =1 ordinate, until the slopes of the ourves
are the seme and thus determine an spproximate velue of k
and of the repistivities,

A valuable chetk on the depths and resistivities deterw
mined is furnished by the application of Hummel's formulas

Phere will be n-1 0f these eguations in the cese of n links
or n4i layers, Although they are approximate, they hold gquite
closely. If the two members of an eguation differ by & two to
one retio after numericael velues huve been substituted, the
nature of the inequality is helpful in deciding which depthe
or resistivities are provably too large or too small. If the
members differ by ratios of five or ten to one, it mey be
advisable to choange the interpretation,

The procedure is illustrated in the following exemples,

Example VI. The curve obtained at Test Point #1 near Victor.
¥ille is shown in Figure 32, The first link is unreliable
becouse the point for which L= i8 feet may dbe affected by the
finite size of the electrodes, and because the points atv L
values of 39, Af. end 51 feet are cloge to the turning point and
appreciably influenced by the third layer. Only one good £it
was obtained using the first three points, and this gives the
values k.= «0,35, ¥ = 9600 ohm-centimeters, =, - 5.1 feet and £
is then computed Ho be 4630 ohm-centimeters.

The second link is more reliesble, All five pointe fit
quite closely Paletca curves for twp valuwes of k.
' fo Ka= 0474 7'=4300 obhmecm, , b, =158 feet

2o k., = 0,8, #'=2200 ohme-om., , h, - 7 feet
Since k is large, the best value of h.mey be teaken as that
nearest 3/8 the velue of L at the bend, ox 3/8 of 45 feet
which is 16,9 feet, The first fit is therefore the more prove
able and from this 5 is computed to be 24,400 ohm-centimeters,

A break in the slope of the second link can be seen at
L =90 feet, If this is interpreted as indicating the preseme e

(99)
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of a fourth layer, each sublink c¢an be interpreted sepa-
rately but this is poor pructise. In the first place, a
change in the appurent resistivity at the 90 foot spacing
of 1%, whieh is well within the range of error of Ffield
neagurenents wowuld remove the break entirely. Secondly,
if the break is renl, it is so slight that the ratie of
resistivities above and below the interface is nearly
unity end the diseontinuity is not importent. Thirdly,
in this case 1t repleces one reliable 5 point link with
two less relisble 3 point links. However, if the link is
subdivided and the best fit chosen by the three.eighthe
rule, the depth h. is found te be about 17 feet, and a
third layer 17 feet thiek of 37000 ochm-centimeter resis-
tivity to overlie a basement of 39000 ohm-centimeters.
The difference in the resistivity determined fox the
basement in the two interpretetions illustrotes the Aiffiw
culty of accuretely determining the resistivity of the lower
layer when k is large. When k| is near /.o, an error in
determining the effective upper resistivity is multiplied
many times in computing that of the lggf layer, and also
an error in determining kwis greatest™when X is nearly plus
oY minus one,

Applicaetion of Hummel's formule

he _ 4 h. - h (5.8 _ S, /0.7
T = .-F'-L + ._*-T_J oR Zf—a—of 600 4630

results in the slight inequality 0.00368 = 0.00285 which
indicates thet the three layer interpretation is sufficiently
good, Raking the velues h,- 5,1 feet, b, - 15,8 feet,
f= 3600 obm=-cm., % ~4630 ohm-om., and?,=24,400 ohm-cm., we
find 2./¢./¢,=1/0.482/2, 54 and con compere the curve with the
theoretical three-luyer family for 1/(1/3)/3. Figure 33 shows
the field curve fitvted into the family, oriented by the
values of h. and §, determined by the Paletoa method. I
phows an excellent agreement in shepe and size with the
master curves, and in the indiocnted ratio of b, /4 (& =Dh.«h)
whieh agrees well with the Paletea figure of 1,3/2.7. ¥he
maxi@um deviation frem the theoretical curves is seen at the
bend.,

The value for h. of 15,8 feet agrees very well with the
16 feet measured with a steel tape in an adjhcent road cut.

Example VIl. Curve 3 shown in Figure 34 contains too few
points to be reliable. ¥he first three points, eorresponding
to 1 values of 30, 60, and 120 feet , may indicate the pres-
cuce of three layers sbove the besement, It might also be
that the apparent resistivity at the 30 foot spacing is too
pmell from the effect of watering the electrodes, or that the
60 oot value is lerge because of irregulebities in the top
purface of the granite, For simplicity we will assume & three
leyer solution, ilgnoring the value at the 20 foot spread.

The slope of the link between the 60 and 120 foot poilnits ie
spall so the depth to the secomd layer is about (3/8 X §0)

30 feet, Moving the fleld curve until the link fi%s one of

. the Paletea curves with the L =30 feet ordinete placed

over that for L/h =1, we find an spproximate value K= «0.35
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S.is 13,600 and . 655 ohm-centimeters, The second link
is more satisfactory, but still not very reliable becuuse
it bas only three points of whieh one is near the bend, This
link fits eat at k1.=007. Pl:‘84ﬁo4‘*"ﬂ..£3 = 47 ,600‘“’“’"0 h.- 6?' 45, »
This value of h 18 3/8 of 180 and thet value of 1 is near-
the bend in the fleld curve Bo that h, is of the right oxrder
of magnitude, Application of Hummel's rule gives 0.0083=0.00P
which shows the fit is 8ll right. For further chesk the
curve was compared to the clomest corresponding three-layer
. family which agein is 1/(1/3)/3. In this case the fi%
determined by the Paletea values didn't cheek so well, but
this is not surprising when it is remembered that the resise.
tivity ratios are somewhat different, thet the valuea for

5, and h, camnot be coneldered reliable, and that h, may
easlly be in error by 10%,., When &n attempt was made to ¥it
the curve to the three-layer femily indepeniiently, it was
found that the mester ourves are so far apart that there
i8 & conslderable range of velues of h. and f, for which &
£i% oan be made. Certainly the failure to egree with the
three layer curves is not suffieient reason to change the
interpretation,

Exemple VIII, Curve 4 is illustrated in Figure %jm The first
link £ite very nicely for the five pointe from L = 30 to 05
feety, giving the volues X,= «0.,3,9 = 19,2004y fi= 10,330 a-cn.
and b, =12 reet, Interpretation of the middle part of the
curve is hagsrdous. there is apperently e third leyer of

low resistivity above the granite, but there &re too few
goints on this link., Of the three, those at L =105 feet and
L= 225 feet nre on turning pointe, and the former is &lso
included in the firet link. The slope of the link between the
pointe L= 225 end L =300 feet is steeper than is possible if
the layers are horizontel. To get & tentative molution, the
point at the 225 foot spucing wae ignored, and h. was tekean
a8 40 feet (3/8 X 105). Using thie value of h, k. was found
to be -0,7, und ' to be 15000 ochmecentimeters, The last
part of the curve appears to break in slope at the 45 fook
speeing, but the break is too smsll to bother with, Within
the limits of error im determining apparent reeistivity, the
third link fits niocely for k,-0,8, 9'= 5500, h;=-58 feet. This
value of h corresponds to L= 155 feet at the bend , which is
not unreausonuble when the polnt at the 225 foot specing ie
ocant out, Subatituting the values in Hummel's formule gives
for the first two layers 0,00267= 0.00333, and for the firat
three layers 0,01055=0.01012 which is muxwr&a&ni good
egreement. However, the interpretetion should not be consid.
ered reliable. '

Exemple IX., Curve 5 taken near Vietorville is shown in Figure
36. Here the first link ip unreliable becsuse there are only
two pointe sufficiently far from the bend, K sppears %o be
large, but since the vulue of L aut the first turning point

is not known, the threc-eighths rule csnnot be applied. However
-the second link ig more reliable. It £ite the Puletosn ourve
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for k=0,8 quite well tor values of h. frem 50 to 73 fect.

0f these the lower limit is closest to the f% feet glven

by the three-eighths rule, 4s & cheeck, seven possible fits
of the first two polnts of the first limk were tried with
three poseible fite of the mecond 1link in different combi-
nations to see which agreed best with Hummel's formula.

The fits glving the decidedly olosest sheek (0.01282-0,01328)
are$ = 180004-w, b =11 fect, k.= =07,5. - 3180 ohm-om,, sad
3’:5300 om‘“%‘l! hﬁfx’ £66t’ kz"O! Df5=55‘1°0 Ohm“mh

Two comments mey be made on these examples. First, they
ghow the supreme importance of having relisble field curves,
To ensure good values, the data should be plotted on logw
arithunic paper in the field, and uny ambigulties removed by
repeating obeervations er taking intermediste spucings. .
Second, it should be noted that the depths and resistivitics
ure expressed in more precise numbers than is jJustified by
the accuracy of the method, Even with good date, and careiul
use of the Paletea curves, an error of 10% may be cxpectea
in the depth determinations, The exmot values were given to
enable the reader to sece the £it whieh appeared best to the
writer, It is usual for interpretations to vary & few
percent according to the individusl,

The methods of interpreting the apparent resistivity-
electrode separation curves discussed in this chepier all
gassune that the layers are horizontal., If links steeper than
the Paletea curves for k equals plus or minus one are found,
and if there is no error in the field measuremenis, some
other distribution of resistivities is indicated. Some idea
of the nature of the irregulerity may be had by running depth

profiles in seversl azimuths about & common spread center.
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For leyers with dips of lese than thirty degrees,
satisfactory results can be obtained ii the line of
electrodes is kept parallel to the strike of the beds,

For steeper digs it is advisable to discedd the use of depih
profiles und uee surface traverse profiles with &

counstent electrode separation and a moving spread center,
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