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ABSTRACT

This report discusses the resistivity method in its application to
problems of water-bearing glacial outwash deposits of sand and gravel -
in eastern South Dakota, The principles, field procedures, and methods
of interpretation are discussed, particularly for the use of the Wenner
configuration. The resistivity method for depth determinations of the
glacial outwash deposits was limited by inaccuracy and unreliability
of interpretations. The glacial deposits are believed to be too inhomo-
geneous and variable in lithology to permit correlation and interpretation
of resistivity data except for very local and detailed investigations. Ap-
parent resistivity field curves plotted on logarithmic graph paper with
theoretical curve-matching interpretations and drill-hole control data
from glacial deposits are presented for reference. The horizontal
traverse method was found to be more useful than the depth-profile
method in locating favorable sites for water test-wells by detecting and
outlining outwash stream deposits and buried outwash channels in till.



THE RESISTIVITY METHOD
AFPLIED TO GROUND WATER STUDIES
IN GLACIAL OUTWASH DEPOSITS

INTRODUCTION

Electrical resistivity exploration is a geophysical method which
sometimes is used to determine the geology of the subsurface to depths
of a few tens or hundreds of feet for problems of water supply, highway
construction, and damsite location. In practice, this method is not
intended to replace drilling, but rather to guide and supplement drilling
operations which are expensive and which sometimes yield unrepre-
sentative information from isolated points.

During the summers of 1957 and 1958 the writer carried out resistivity
surveys in connection with geologic quadrangle mapping of the Big Sioux
River area (fig. 1). The purpose of the surveys was to obtain subsurface
information concerning the water-bearing glacial outwash sand and gravel
deposits. In conjunction with drill-hole information, the resistivity
depth-profile data were used to interpret thickness of the outwash de-
posits or the depth to the underlying glacial till. In the summer of 1959
the writer supervised resistivity surveys made in connection with studies
of various city ground water problems. Instead of the depth-profile
method previously used, the traverse method was employed in 1959.

It is hoped that this report will afford those engaged in the resistivity
method of exploration, an opportunity to become acquainted with the prin-
ciples, the field procedures and techniques, and the various limitations
encountered, particularly with resistivity equipment utilizing low-fre-
quency alternating current. It is not within the scope of this report to
present a comprehensive discussion of the resistivity method but rather
to provide a sufficient understanding of principles, operating techniques,
and methods of interpretation to create an interest in and appreciation
for this method.
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PRINCIPLES OF THE RESISTIVITY METHOD

Electrical methods of exploration are based upon measuring the
varying electrical properties of different rock materials in the sub-
surface, and interpreting the electrical measurements in terms of geo-
logic information. The resistivity method is but one of several elec-
trical methods in use, and is concerned with measuring the resistivity
~of subsurface materials. The resistivity of a material is defined as
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the resistance of ochms between opposite faces of a unit cube of the ma-
terial, and the units of resistivity commonly used are the ochm-centi-
meter and the ohm-meter.

The resistivity method consists of passing a measured amount of
electric current through a segment of the earth and then measuring the
potential difference associated with this current flow. To accomplish
these measurements, four electrodes are placed in the ground. However,
the electrodes must be placed in a special geometrical arrangement to
permit an uncomplicated derivation of the mathematical relationship of
the measured electric current, the measured potential difference pro-
diced by the current, and the resistivity of the subsurface material
included within the zone of measurement.

Various configurations of the electrodes are used in electrical methods
of explorations (fig. 2); however, the Wenner configuration is most com-
monly used. The Wenner configuration has four electrodes all placed in
a straight line and all spaced an equal distance, a, apart; the mathemat-
ical formula relating the measured electrical quantities and resistivity
of the material to which the current is applied, is one of the more simple
derivations for the different configurations.

The derivation of the resistivity formula for the Wenner configuration
is given below. Ohm's Law states:

I

R=YV (1)

where I = current in amperes
V = potential in volts
R = resistance in ohms

For a conductor:

R:/D_f;L (2)

where, A = cross-sectional area
L = length
/0: resistivity or the resistance of a cube of unit length

Combining these equations:

I= VA (3)
(OL

Equation (3) is the starting point for determining the laws governing
the current distribution in an infinite or semi-infinite conductor. From
this equation the flow of current in a continuous medium can be expressed
by LaPlace's equation shown below:

32y + V. + 3V = O (4)
¥x2 Y2 3zl

This equation does not determine the solution of any particular problem
because there are certain boundary conditions to be satisfied.
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Figure 2. Electrode configurations used in electrical methods of exploration.




For the Wenner configuration, the ground is assumed to be a semi-
infinite, electrically homogenecus and igotropic medium. These boundary
conditions when applied to LaPlace’s equation can be shown to yield the
following expression:

. (5)
2

where, V, is the potential at any point at a distance, r, frora a small
current source of intensity, I, and,£ , is the resistivity.

Referring to Figure 2, it can be seen that for the Wenner configuration
the potential at Pj due to current applied at C] and C is:

70
[ SN . 6
2w (L1, (6)
a 2a

Vi

and the potential at Pp due to the current applies at C; and C, is:

1P

Ve 37 e T 7
2a a

Therefore the potentiai difference which is measured between P, and P, is:

V= V-V, = R (8)
a
or, the res:ls’cﬁ.vitygg; is:
2ma¥  (Wenner configuration) (9)
1

However, the earth is seidom, if ever, either homogeneous or
isotropic beyond very limited consideraticns, and consequently an "ap-
parent' resistivity value--designated as %_@_f--of the subsurface ma-
terial is actually measured., Because the subsurface generally is strat-
ified in layers with different resistivity values, the measured resis-
tivity value represents the sum-~total effect of all layers involved, and
does not represent the true registivity value of any one layer. Itis
obvious, then, that arn "apparent’ resistivity value of the subsurface
material ig the gquantity measured.

Finally, it is pointed out that the theory presented above applies
to direct current. However, if equipment employing alternating cur-
rent of low frequency {24 cycles cr less) isused to eliminate interference
caused by natural earth currents and polarization phenomena, the theory
presented above can still be applied.

ELECTRICAL PROPERTIES OF ROCKS

Different rocks have diiferent electrical properties and, generaily,
changes in the lithology of s resgult in changes of resistivity values.
The fiow of an eleciric current in non-metaliic rocks is mainly electro-
ytic, that is to say, 1y glectrocchemical in nature. Practically
all rocks have porosity, 1 thug contain moisture. It is the moisture
become good conductors, despite the
fact that their consiituent minzsrals (quartz, feldspar, etc.) maybe poor
conducters.




Laboratory studies of rocks have shown that for high values of mois-
ture content, the conductivity of a rock approaches the conductivity
value of its absorbed electrolyte. On the other hand, for very low values
of moisture content the resistivity values are high and are governed
by the properties of the rock material itself.

Listed below are some resistivity values from field and laboratory
observations (Jakosky, 1950),

Resistivity
{ohm-cm)

Alluvium and silt 2500 - 150, 000
Clay-shale 0.04 - 90, 000
Clay 500 - 150, 000
Glacial sediments 0.08 - 950, 000
Conglomerate 2500 - 1,500,000
Sand 95 - 500, 000

Because pure water is a poor conductor of electricity, it follows
that it has a high resistivity, and therefore, an increase in conductivity
of a rock must be attributed to contamination by electrolytes in solution.
In general, water-bearing sand and gravel deposits have high resistivity
values because: (1) there is only a small amount of electrolyte present
in solution and, (2) there is a high permeability which permits move-
ment of water, thereby diluting any concentration of electrolytes in
solution. On the other hand, clay, glacial till, and to some extent silt,
contain various soluble minerals and possess low permeability. The
result is a greater abundance of soluble electrolytes. Thus, clays and
clayey materials can be expected to have a much lower resistivity value
than sands and gravels.

METHODS OF INTERPRETATION

There are two general schools of thought on the interpretation of
resistivity data in terms of depths to various geologic layers within
the subsurface. The mathematically-minded school relies upon a theo-
retical approach and the "practical-minded' school relies upon empirical
methods. The former group argues that "rule of thumb' methods are
not sufficiently precise, while the latter group argues that mathematical
variables to justify assumptions that are necessary in theoretical inter-
pretations cannot be applied to average field conditions. These two
schools of thought are the subject of much controversy, but no theo-
retical approach or empirical approachhas proved to be universally
. applicable.

Empirical Methods

Many empirical rules have been devised for interpreting resistivity
measurements in order to simplify calculations necessary for theo-
retical methods. Many articles have been written illustrating the appli-
cation of such rules to specific problems. Some of these rules are
valid for the particular investigations discussed herein. However, one
must be cautioned against the free and blind application of such rules



to similar exploration problems in general. The conditions under which
an empirical rule is developed may not be present in every area under
investigation. The resistivity interpreter must always have some geologic
control in order to develop, if possible, empirical rules for a given
area,

The ""potential bowl" theory is the basis for the ''rule of thumb"
assumption that the depth of investigation equals the electrode spacing
of the Wenner configuration. The theory derives from the consideration
that in an isotropic, perfectly homogeneous conducting medium, all
points at an equal distance from the current electrode lie on an equi-
potential surface. Such a surface is a hemisphere whose center is the
current electrode. The equipotential bowl is assumed to be a non-dis-
torted surface and, if this were true, then the depth of investigation, d,
would be equal to the distance, r (fig. 3).

For the ideal case the equipotential bowl is undistorted. Actually,
however, there is distortion caused by the effect of the distant current
electrode and also the effect of inhomogeneity and variable layering in
the subsurface.

For the Wenner configuration, the effective depth of measurement
is assumed to be equal to the electrode spacing, a, (fig. 4), The assumed
condition for this "rule of thumb' is that the equipotentialbowls of each
current electrode are undistorted by each other. In actuality, the equi-
potential bowls are not hemispheres, but are asymmetrical about each
current electrode (fig. 5).

In general, the depth of penetration is dependent upon many factors
and the separation and configuration of the electrodes, together, is
but one factor.

Empirical methods for determining the depth to bedrock, to water,
and other geological discontinuities include (1) selecting some char-
acteristic of the resistivity field curve (such as maximum, minimum,
point of inflection, sharp break) and relating it to the depth of the geo-
logic discontinuity, and (2) modifying the field curve before interpreting
depths, Proponents of the first group include Gish and Rooney (1925)--
maximum and minimum, and Lancaster-Jones {(1930)--points of in-
flection. The widely-known and used method of Moore belongs in the
second group. Moore's method involves the plotting of the sum of each
resistivity reading plus all preceding readings, for each electrode sep-
aration (fig. 6). Arbitrary straight lines drawn through the resulting
points produce intersections which are interpreted as depths to sub-
surface discontinuities. The Moore or cumulative method of interpreta-
tion illustrated in Figure 6 is an interpretation of the apparent resistivity
curve R2 in the Appendix.

There is no simple proportionality factor between electrode separation
and expected depth of penetration, which depends on such factors as
the relative resistivities of the subsurface layers and the lateral varia-
tions in resistivity. Consequently, for a particular area of investigation
with the resistivity method, geologic control from drill-holes should
always be used to help determine, empirically, some rule relating the
apparent resistivity field data to depths of various geologic discontin-
uities,
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Theoretical Method

Theoretical curves (electrode separation vs apparent resistivity)
have been computed for a number of different combinations of relative
resistivity values for horizontal two-, three-, and four-layered sub-
surface (Mooney and Wetzel, 1956). These curves are drawn on loga-
rithmic graph paper to make their shape, and thus their interpretation,

independent of the units of measurement used in the field work. By

comparing and matching field curves to one of the theoretical curves,
a complete interpretation can be made for depths to one, two, or three
essentially horizontal discontinuities, and for the true resistivities of
the materials between them. The interpretation procedure is given by
the authors mentioned above, and, therefore, no discussion concerning
it need be given here.

FIELLD PRECAUTIONS

There are certain precautions which must be taken in the field when
using the resistivity method. The principles which have been discussed
above are based upon ideal conditions, which are seldom, if ever, the
actual geologic situations in the subsurface. The ''potential bowl' which
is assumed to be undistorted, is under actual field conditions disturbed
by inhomogeneity of the subsurface, by natural earth currents, by polar-
ization phenomena, by uneven topography, and by man-made interfer~
ences such as fences and underground iron pipes.

Every effort should be made to select the best location for a resis-
tivity station by using whatever subsurface geology is known or can be
surmised. Obviously, when field conditions approach the ideal con-
ditions required by the resistivity method, better and more reliable
interpretations can be made from apparent resistivity field curves. The
effects of natural earth currents or telluric currents and polarization
phenomena can be minimized by applying low-frequency alternating
current instead of direct current. Attention must be given to avoid
buried iron pipes, wire fences with iror fence posts, power lines, and
any other electrical conductor. Other situations which should be avoided
are stagnant water-filled ditches and swampy areas. If not avoidable,
their distance from the resistivity station should be at least equal the
largest electrode separation used.

FIELD OBSERVATIONS

From the equation (9) for the Wenner configuration it can be seen
that by determining, V, I, and a, the apparent resistivity,Qa, can be
obtained. ZFurther, if the current, I, is made equal to, a, the electrode
separation, then, Pa, is directly proportional to, V, the potential dif-
ference measured between P] and P2. Thus, by using a calibrated poten-
tiometer, the apparent resistivity value can be read directly in units
of ohm-centimeters. The Bays instrument which the writer has used,
is read directly in ochm-centimeters.



The two most widely-used methods of field observation are depth

profiles and horizontal traverses. In depth profiling, apparent resis- -

tivity readings are obtained for a series of different electrode spacings
at each station. A typical page of field notes is illustrated in Figure 7,

and it shows recorded readings for electrode spacings varying from 3 to
160 feet. As mentioned in the above paragraph, the applied current
(milliamperes) is made equal to the electrode spacing. However, for
the small spacings 3 to 10 feet, the ammeter (current meter) scale cannot
be read accurately for such small values of current. To obtain the
apparent resistivity reading for an electrode spacing of 3 feet, 12 milli-
amperes of current is applied and the resistivity reading is recorded.,

Because 12 divided by 4 gives a current value of 3 milliamperes, it
follows that the recorded resistivity value must also be divided by 4
to give the apparent resistivity value for 3 milliamperes, Beyond a
current value of 10 milliamperes, the ammeter scale of the Bays instru-
ment can be read accurately. '

The horizontal traverse method with the Wenner configuration is
used to investigate lateral variations and discontinuities in the subsur-
face geology, such as outwash sand and gravel deposits in glacial till
or buried outwash channels in glacial till. At each station, resistivity
readings are obtained for several different electrode spacings in order
to obtain data for horizontal investigations at various depths. A typical
page of field notes is shown in Figure 8. DBy obtaining a grid network
of resistivity stations, contours of equal values of apparent resistivity
can be drawn to produce an iso-resistivity map.

FIELD PROCEDURES

Figure 9 shows the Wenner configuration in schematic diagram and
also the actual field arrangement with the Bays instrument. The instru-
ment shown in the center of Figure 9 is connected electrically to elec-
trodes C; and C, (steel stakes) and P} and P, (copper-tipped stakes)
with cable reels and jumper wires. To facilitate obtaining the correct
electrode spacings for each value of, a, all distances are measured and
marked with colored tape on the current cables from the center line
to the electrodes. In the figure it can be seen that the distance from the

center point to Pj or P; is always,—‘;—, and to Cy or C; is always,3—a,

2
The distances required for the potential electrodes (inside stakes) are
marked on the current cables with red tape, and the distances required
for the current electrodes (outside stakes) are marked with yellow tape.
The values for electrode separations used for depth profiling are given
below: (all values are in feet)

13
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Figure 7 A typical page of field notes, Wenner
configuration, depth profile method.
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Figure 8. A typical page of field notes, Wenner
configuration, horizontal traverse method.
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Figure 9. The Wenner configuration, using Bays Instrument.



Electrode Potential Current
Separation , Electrode Electrode
(red tape) {vellow tape)

3 1.5 4.5
4 2 6

5 2.5 7.5

6.5 3.2 9.8
8 4 12
10 5 15

13 6.5 19.5
16 8 24
20 10 30

25 12.5 37.5
30 15 45
40 20 60
50 25 75

65 32.5 97.5
80 40 120
100 50 150
130 65 : 195
160 80 240
200 100 300

Experience has shown that a two-man crew is satisfactory for ef-
ficient field work. Once the equipment is set up, one man is at the
instrument to obtain and record the apparent resistivity value read from
the calibrated dial. The second man stands at one of the outer {(current)
electrodes. When an observation has been made, the first man signals
the second man who then moves out the outer stake to the next yellow
marker on the current cable, and next moves out the inner stake (po-
tential electrode) to the next red marker, after which he proceeds to
make the next observation at the instrument. In the meantime the first
man has proceeded to move the other inner and outer stakes to the next
colored markers in the same manner, and remains at the outer electrode
until the second observation has been made. Afterwards, the procedure
is repeated.

Field experience has shown that errors in observations occur most
frequently in the placing of the electrodes at the correct distances for
each electrode separation. If the apparent resistivity field curve con-
tains '""breaks' in the curve, it is more likely to be caused by error in
the field work rather than by geologic discontinuities in the subsurface.

In general, readings should be obtained for values of electrode sep-
arations several tens or even a hundred feet greater than the desired
. depth of investigation.

FIELD MAINTENANCE

At the beginning of an exploration program, the following items
should be checked. First, a 12~volt battery in good condition should be

17
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obtained; next, the distances of the red and yellow markers should be
checked, corrected and replaced with new tape.

Despite careful handling of the reels and cables, a certain amount
of operative breakdown is to be expected. Experience indicates that
the majority of the instrument failures are due to poor or broken electrical
connections in the jumper wires (fig. 9). Electrical continuity in the
cable connections can be checked by using an ohmmeter. It is recom-
mended that frequent inspection of blue jumper wires be made. Usually
there is an internal break of the wire near the jumper-wire clips. If
the probes, clips, or other exposed connections are rusted, fine sand-
paper should be used to remove the rust and prevent failures due to
poor connections.

RESULTS OF THE RESISTIVITY DATA

Apparent Resistivity Curves

During the summers of 1957 and 1958, the depth-profile method was
used to supplement drill-hole data in evaluating depths to the base of
water-bearing glacial outwash sand and gravel deposits. Different em-
pirical methods of interpretation were used, including the Moore or
cumulative method. Also, the theoretical curve-matching method was
applied to the apparent resistivity field curves. In the Appendix, the
apparent resistivity curve obtained for the glacial outwash deposits
of the Big Sioux River at each locality is presented on the log-log scale,
and the interpretations of depths to and the true resistivities of the sub-
surface layers are plotted against the drill-hole log, There are two
reasons for presenting the field data and interpretations: (1) they will
serve as a reference for the type of apparent resistivity curves obtained
in some of the glacial deposits in Eastern South Dakota; (2) with drill-
hole information for geologic control, it is evident that the depth-profile
method has met with little success in giving accurate and reliable results
except when used to investigate very limited areas.

Limited success in interpretation also was obtained with empirical
methods. It is believed that the geology of glacial deposits is so un-
predictably variable, even over very short distances, that the resistivity
data cannot be correlated or interpreted successfully except for very
detailed surveys.

Iso-Resistivity Contour Maps

In the summer of 1959 the horizontal traverse method was applied
to town water-supply problems. The purpose of the resistivity method
was to help locate favorable sites for shallow test wells. The contours,
it was hoped, would be successful in outlining water-bearing sand and
gravel outwash deposits in till. Areas of high resistivity values were
expected to show these deposits.

In the Howard area, the resistivity contours {for an electrode sep-
aration of 50 feet) show three small anomalous highs in Sections 9, 35,
and 14 (fig. 10). These anomalies were tested with a jeep-mounted drill
but no corresponding geologic change was observed from the till, which
covers the entire area. Possibly, the anomalies reflect a local sand
and pebble concentration in the till. It is pointed out that the contours
have low values, in the range of 500-2000 ohm-cm, which is a reliable
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indication that no sizeable sand and gravel deposits are present in the
area at a depth of 50 feet or less.

In the Ethan area the resistivity contour map (for an electrode sep-
aration of 30 feet), successfully outlined the glacial outwash deposits
(fig. 11). Figure 12 shows the geology of the area, and its correlation
with the resistivity map is striking. In Sections 2 and 3, resistivity
highs of 35,600 and 62,800 ohm-cm reflect the sand and gravel de-

. posits whose boundaries were difficult to determine by surface geologic

mapping (Donald Jorgensen, personal communication, 1960). In the till
areas the resistivity values are low--only several thousand ochm-cm--
which generally indicates till in eastern South Dakota. In Sections 7 and
18 where drill-hole information shows that the Cretaceous Niobrara chalk
is locally high structurally, there is a resistivity high of approximately
6000 ohm-cm which reflects the bedrock surface of the Niobrara overlain
by a thin deposit of glacial till at a depth of about 30 feet (Donald Jorgensen,
personal commmunication, 1960). ’

In the Huron area a buried glacial stream channel was thought to
exist, from a study of information from water wells in the area. The
horizontal traverse method was applied in an attempt to outline the
buried channel and thereby to locate favorable sites for shallow test
wells. Figure 13 shows an iso-resistivity contour map (for an electrode
separation of 30 feet) in an area east of Huron. The contours trend
generally north-south, outlining successfully the buried channel. Several
resistivity highs of 10, 000 ohm-cm or more occur within the channel
outline., These highs probably reflect very local lateral changes in
lithology, and possibly changes in thickness of the buried outwash deposits.
The high resistivity values of 10,000 ohm-cm indicate the presence
of sand and gravel deposits within the till; the till is characterized by
low values of resistivity (2000 ohm<m). Drill-hole information shows
the lithology of buried channel material to be highly variable even locally.
Several shallow test wells indicated that a good supply of shallow water
could be obtained from the area.

CONCLUSIONS

The resistivity method used for depth (thickness) determinations
of glacial outwash deposits in the Big Sioux River area has met with
only limited success. The resistivity results are generally unreliable,
This fact is believed to be caused by the unfavorable geologic inhomo-
geneity and variability of the glacial deposits even over short distances.
Any accurate and reliable depth interpretations from apparent resistivity
curves, whether empirical or theoretical, must be accompanied by
sufficient drill-hole information to provide geologic correlation and
control of the resistivity data.

The horizontal traverse method, which is used to make an iso-
resistivity contour map, has been applied with some success in locating
favorable sites for shallow water wells, thereby reducing the amount
of expensive drilling which would otherwise have been required. The
resistivity maps have shown favorable results in areas (1) entirely of
till, (2) of till and surface glacial outwash deposits, and (3) of a buried
outwash channel in till.



Lsh)mn.m ‘MO9S Y

J4N9I14 - -
|
(0961 ‘wnl Ja44v) 1€ 9¢
T|O
y V_V
4 =<
C.o./ S S
D o|O
\ Z|l2Z
2
e — T ¢ G g
. O O
2 ] 0 >l
SO[IN ul 3[DIS
\

(‘wo-wyo 000 21
uoyy 4230946 anjoa)
udyoyg A§ia1ys1sdy

€9 +

(0001 sawy poas)
3ul7 Jnojuo0)d

"WwI-wyo 0002

JOAIB4Ul 4NOJUOD

NOILVYNVIdX3

‘NI10I'L

v3IYVY NVHL3
3y} 40
dVIN HNOLNOO ALIAILSIS3H—OSI



=

MESH Mooy w.um:o_u

\\. 4 e BN e e
“ S — .
/ ‘ 0 S3TIW NI 37VOS
/ / /
!
/ \\ WNIANTTY
VAW Ll L L L 2L L LLL)
\\\
A
\
g
‘ .
¢ J/\ 3IVHS 3UTHVYI
¢ \
\..\‘\\\\\\\\\“ ox
NIYHI VHVYHEOIN
uy
J
¥ [ celd . o / g .6 o
% dleme o o & old.0 0" Ll
AN 0 6.6 %0’ 0|9 c-97//
rode 0.0 o‘.o . .o..o. o “e ‘o] > §
® .t...o.o ‘.. ® Q.OO\\ 4 / !
L SRR o,..o...o...o\
\° b - o...r..o“.o.. Ouo.o..o.m @. 60 670G HSVYMLNO
6 Rio e v gl e o 000 -0, oo el .
g ‘0’ @ ‘00’0 &0 pree.0,6.0
_ L -8 8lev g osele oo&
e [0 Fle, 20 00 oeipe:
K Xy ‘0’0 0.0 00lF O,
. ..--...‘-.u....-’ e .“.
=aZT== =0T NOILVNVIdX3

V3NV NVHL3 . .
HONYIAO09 ‘HLISH3IH HdIIVY 3H1 40 LS1907039 31vliS M3NOVY 4 NIV

VLONVQ HLNOS 40 3LV1S dVN 2190717039 AIAYNS TV¥IID0T1039 VIONVA HLNOS




wn ‘g £q pasiaiadns @RI D UBulniy "D Aq Aeaing 656 “AON
‘WO -WHO 0002 = ngmpéﬂ&\ zot_h: TN (499} 01 10AJWY) YNOLNOD SSINNIIHL -~/
SHNOLNOD A LIAILSISIH -08| - : q
(¢ eioid uo usnlb ‘ou 'DIS) NOILVLIS ALIAILSISIH + SN m@ul,.H_ou._tum (sssunajys puos BuiaiB) ITOH ..J—tl.n._.-.
|
;T@., T __~_+ma r/// .
& A+ o+ + + + +
VS
L/ © 9 m
A NS
b + HE . .- "
¥ /.fl\../ \Fms A h Y ff
APt P ol S %
: ’ £ g u.‘ v ¥ oy
@u RN~ 8 <
; 4 D2 3 N‘ bﬁ &W% .Vlﬂ E Mp
] S—0T” i+ & + N - i !-ﬂ -~ PR o
g //k %;N - NOYAOH /."f I|\..\ % ﬁ“ .
1 S 8 ~—= Vi T [
£ F NS s
NOWL ot | A ) vy L | “NOIEL
NLL : @W SR L f e S
9¢ /2 e 9g is t 1
S |
i AN ;‘ ,N\
n )
O (o]
S &
/ . g
(<]
S \/ \
[} s [y
il MI9H M2y M2y MESY
YONYIA0O ‘HLISHIH HAIVY 151907039 31VIS °‘M3NOV 3 N3V
VLi0X¥VO HLNOS 40 3LVLS NOMNH ¥VIN A3AYNS V21907039 VIONVA HLNOS
S11S0d30 HSYMLNO 40
—— dVW ALIAILSIS3Y-0S! ANV HIVJOSI

€1 eins|



24

REFERENCES CITED

_Gish, O. H.,. and Rooney,- W oede 1925, Measurement of resistivity
of large masses of uhdlsturbed Earth Terr1tor1a1 Magnetlsm and
; Atmospherlc Electricity, p. 261,
Helland C, A., 1940, Geophy51ca1 Exploratlbn Prenthe Hall, Inc.,
New York o I
Jakosky, Jo J., 1950, ExPloratLon Geophy51c=: TrlJa P""bhshlng Co.,
: Los Angeles. :
i""Lancaster =Jones; E., 1930 “The Earth Re51st1v1ty Method of ge0phy51ca1
prospectlng Mining I\/hgazme, v. 42, p. 352. : &
Mooney, H. M., and Wetzel, W. W, 1956, The potentlals about a p01nt
electrode and apparent re51st1v1ty curves for-a- tWO-, three-, and
four layered earth: ‘Unlver51ty of Mlnnesota Press, Minneapolis.

- - -
i
1
i .

1 H ,m
i i e
i i -
1

H
; H { :
H h H
: ; - ‘ % ¥
: ! i
‘ z
- H .
; ; !
: i
: i H
: i 1 !
B : 5 !
} H
' i i £ -
: H 4 i H
{ H ! { | H
i i ! 1 {
# H p i i
: : : ;
r H
; ; ; ; §
i % H i
e i e o e
H ! H
H H i



APPENDIX

Apparent resistivity field curves with drill-hole information

and depth interpretation by the theoretical-curve matching meth-
od,

Three-layer Interpretations Rl to R7
Four-layer Interpretations R8 to R19

Legend
T = topsoil
- — clay

e . silty sand

g ': sand
PTIRC
,Oooéoog sand and gravel
o Do Do
© o0 ot
o oo clean gravel
a%p0®
Ty Ve L
. ’ 2he till
AR

Explanation
(1) Log cycle: 1, 10, 100 feet (Abscissa) and 1000 and 10, 000 ohm-cm.

(2) Geologic section is shown horizontally in the insert: Interpreted
depths of subsurface layers with true resistivity values of these
layers is shown in lower part of this insert.

(3) In upper right hand corner, the resistivity ratio of theoretical curve

used for interpretation is presented, with a brief remark on curve
matched.



188} ‘yideg

8 /[ g b £ 2 6 8 [ 9 ¢ i'é £ ¢ [
T ] M I .
L L | L] UL
3] Rl Hil iistin it
>
o
o
i 8
1t qa
, ‘ 2
[ 0
o
- o0
: T £
E = : =
R 'S
r»@ 3
- -» -5 '
Do
3
V4 A
8 a o
6 == = e 6
.H B = 1 11“‘ = 13 - ,;.x, VI S50 S I e S oy .-F-
| il ]

‘W 8b—yideq IpjoL

29DyIng

4w_w..—. ‘V.._I. -

£t B g
ol s SESEli s : feagE=aes v
5t oL g

pesy m ;

9 Reas : 9
, 8 jaa : L
g = HE : == 8
ft—i— e : : : SR Eeace 6
1 STt BER] TERE S D ! : t e s S e e = 1
68 L 9 5 7 € ¢ L9 § ¥ € Z 68 £ 9 t i

payolpw 2AIND JO }|DY 1Y

b1y

Ol

S3TDAD E X 2

"¥'5'N Nl HOvVA

cll-6S€E

‘00 ¥IASE3 ¥ 134AN3IA
DINHLINVYDO0T

=S

4 g . ¢
'MOS H"NOIL'IIS

o



198} ‘yideq

L]

—

g g
)

1S3y tusinddy

”n
l.-l
Al
=
<
-
|
| =S
H | 3
B e )
(]
3
~
4
9 9
/ £
6 6
I 1
e R S ’ [ {
N = QDOUOOOA _ ’ :’

1

{

yidaq fojoL

_.
2i1qD}y a3

m .
MOS'H “NLOIL ‘GI'S

SATOAD EX T

YIS0 W3 3avA

2ll-6S€E

'OD 43563 W 1344NaN n
DIWHLINYDOT N.:.V_—_



199} ‘yidag

.J6-8 £ 9 G y 4 16 8 [/ ¢ 1 £ [
] k. JUIHTAEE T t
] I 1] >
o
- 8=
o
=
®
HT S
=4
i | .u%
4 ] X A
: : ! <
E, m z
(o) [ e
“i Ht : ! €
H A ; [y i =
H ; ST ; -
L HEHEH - — 3
b 1
o
g
g c
p= |
s 9
£ L
8 ; : .
6HHEEES : _ == i 6
' [ . T L1
i =T QRPN O
=% Qo 200 Y
1 m — PRRK O ANIK
Widag |psoy
i H ) [N s
[ i | [
it iai i AR ;
i TMEEEeea AR R EE;
; et ; :
+ VHE BN I Y L] a it i o~ B
v 1T r -
G L _ e — G
[ ; _ “
of : — 9
[ - + T —
N rm. : T .M "M T " b U Il 1 N
Horlit ; fpkak sum 1 - ﬂ
s = : e 8
s : i’ 1 : ~
ST : B SESSESESEH SEEESES B EE _ : 6
e = = 1 EetE ESEES! : = CHEEEE , - ﬁ“
t & s & 1 Z 6 L § £ e~ ent f oty Gy
MB8H'H 'NLOIL'GI'S €y

yojow

pood

S3ITDAD E€EX T

‘Y'§'0 N1 RaVH

2li-ese

‘0D ¥3S53 @ 134AN3AN
OINWHLI¥YDOT

=g




199} ‘yidag

o

L 9 & ¥ € [

T e

juaipddy -

Afinllsisag

w

8o-uyo~

[

P~

o0

—~ O 0

o

=i

<t

M~
I

8 1

@; s v
yoiow JID4

2l

ss¢e

SADAD EX 2
‘Y¥'5°n M3 AaYM ‘OO H3SS3 ¥ T1334dNaM

DINHLIAVYOOT

Ot

2o

B! A> ._n, ,” N o
MOS Y “NOIIL'OE'S -




1984 ‘yidag

00l ol
: S ¥ g [ I 6 8 L 9 § £ Z 1 § ¥ .
1 3
>
z 20
1 N ©
[}
=
(]
]
i LT —t=
& 2 . £
(]
— it L w
=i @
v T : Ve,
<
G i o]
o uo
=
9 W o
i fana o
L =a= /
6 5 o 16
I e = _m SREEass 1
: 3 :
4
¢ , : z
;
€ : m )
T - T
¥ i v
: o8
. LS
] e o 06.0 © 1
9 .ll... 000300 W o_© W J m..w
L ujdeq |psoL HL
6 b \_” . i . M : “ : =] == “|‘I«I
Tes8 L 9 § ¥ 3 2 68 L 9 & ¥ e ¢ 68 L 9 & ¥ £, ¢ 0
ol M8tH N8Ol L 0E'S G’y

00l:¢ 1

— S3TIDAD EX T
B . ‘'Y'S'N NI BOYA OO ¥3883 W 13d4NaN W#x
2l1-6S€E DIWHLI¥YDO1

yojow 04

~



00l
186

JELTRTEYg]

. L L ¢ w._”
_
i
A 1T ¢
>
| O
S gy Py - <
7 =)
| : : 3
i -+ 1 €
M SEa -
‘ 3
B re
»
! =
> . ! S<.
9 o : w.A
. i 1 o
£ — N Lo
2+ = s — = .mw
A . i JES - (2]
¢ - ==t B} 6=
i i SN ERSe T
- 51 [ 1
» o S
| ]
A
Z - . 4
3 - - €
¥ = + iy
§ T ] oost
Q
~ [l 1*J n/\
; 5 il SRR
/ - AR IVES %ooo”.%%c .o:.a%.o...o
g+t : SESEES: siqoL Ja1om 3
i : = : == m
Iy R — 1t i |
Iy
L 9 6 I4

(uotja0d 0O1—

8) 4104

00

£ )
|

SAMDAD EX E

‘¥'S'n NI BAYH

2ll-6G€

*OD ¥3S83 ¥ 1344N3N
DIANHLIYVYDO01

v
‘MOS Y “NOLIL ‘62'S

Lo




00l

o8} 'yideQ
g

=3

vt

T
T

T

os¥|

[P

o
oo

?DODODO

=2

uideq (pjoL m_no._._ 43} DM

o

wy

=]

M~

U Wyo  RyAlisisBy juSinddy ©

- Gy 0

o

o

w3

@

w0

- ) 0 M~

- 3 X I~

N

6
snon

Erabun’ 1nd I
IquD §nq‘Yd4ow pooy

8 L

“Y'S'fl NI RAYH

cli-ese

o ° mbslRieol1ses

831DAD E€EX 2

*0D ¥3583 ¥ 13dANAN
DIWHLINVYDOT

=



1884 ‘yjdeQ
00l ol

HAUSISSY Jusipddy

J 68 L 9 ¢ 14 € [4 6 8 L 9 ¢ ¥ £ [4 [ 6 8 [/ g ¥ € 4 [
NI ! 1! I t
@
i Z
: : FERBREAL €
SIERSRRRRLS, R R R e B
...... . A , , @v : O
. = e = BER. & ! ey S =5
] i ! _ qw
i i 3
R RN L T o NN —lco
- I s 3
IREE NN - - 1.8
- — it i N
— m
TR 6
L1
-
t
- Ay yrdaq |pjoL o|qDy JBIDM
B T SR Bl = =N
[ T i i H | : ¥
i i 1 i |
dh M ; i X
def - G
: : 9
: A
= i 5 s
: , 6
s — T - M
8 L 9 & 7 € ¢ ‘ 6 8 ¢

ww» m m. .#ﬁ.,. m - ” 4 6 . . ,m_ :. 8 m .
Yoipw 4104 1:€:01°| ol MOCSH ' NUHIL pES ‘8'Y

S3ATORD EX T
"Y'E'N HI 2aYM *OD H3SS3A ¥ 1R3ANIN
2L1-6S€ DINHLINYDOT =Sl



1994 'yjdeg

oi

o~
N
=
~
©
0

g

-, 0 M~ ur%_ujho “KH/\I‘TS!SQJ 4&%dedv

- O 00 b~

129 0099
> a.O-fv-qﬂCO C‘- -
RS SERenT N
yideq |pjoL olqny’ ss;
g
9
L

6 8

L

§ , G - b
yojow 4104

N+

N a° %t migy

S3IDAD EX 2
‘YE'n NIZGYR OO H3ISS3 ¥ 1344N3N ..vx
o]

cli-6se DINHLIYYDO1

‘Non'i‘ss

‘&Y



ye8)-‘yidag

-3

(304

<

0
v

<o

isisay Juealipdd

- o XN

1A]

£}

Wwo- wyo

o™

m

<

iy

©

[

e~ O O

SEEgs puyRANNay spE ,

- 0 O M~

A R 9 g b4 £ ¢
(uotisod OOI—91)ydipw 414

- 6 8 L

g ¥ o ...8 @
o]} MIGH 'NHIL'TS

$310AD € X 2
‘Y'S'N RLAGYH QD H3SEI ¥ 1I44NINA N&vx

cll-ése DINHLI¥VYDO1

0

-]



: . 99} 'yide
. ool - 19%uided ol
8 £ 9 C 1 > 4 6 8 £ 9 4 £ 4 6 8

D
o
3
td
N

ddv v

N

14S1S8Y JUe4D

1A

H

o

£

=

=3
il

15y}

Wo—wiio

uy

=]

Ll

= O3 0O
i
1

oG Sl 006"l . osH

~

1
yidaq ojor a|qDy JajoM

D¢

hid

w

e

vs O 00 B
3
1
3

o

 yopoui sy ° ¢ polt:gr:] ¢ Y f ; o’ Yt miguNonatirs T
_ |

83TIODAD EX 2
‘YD NIJOYA *OD H3ISSA ¥ NAddNIN N&rx
cli-6GE DINHLIYVYDO1

= M & I~

m

w0y <3

(=]

- 00 N



. SEEYRSTIGET
00l Ol

168 L 9 § ¢ ¢ z 68 £ 9 § ¢ : 2 168 / 9 6 % £ 2 8
& _— -
..... 1- B N ) W.
-+ ©
¢l m
- =
¢ 3
_ , @
T L ] i »
M * <
_ i E
EF ==
v 7,
L Ty S
G mm
o 3
L ’
T _ 1
00G'GHI St 00G'b! oS+l
0000000000“00000..\” OOOWvOOaOOO )
AR 02 06%:% 06 C0 020%0 ore,%0°
N - yidaqg Ipjo 8iqoL
9 9
Jaki L
6+ Siiseana , s : ‘ : e =0
Hes [ 5 & 4. ¢ ¢ §8 7.9 & ¢ ¢ : 6 8 £ .0 6 ol ek, z 1
ysjow snonbiquy ol:gol:oT:i ol Mog’ “Nol1‘82's rARY
|

S37IDAD E€EX T
WS Ml3aym *OD Y3883 ® 133d4N3IN W}I
5

cll-6S€E DIWHLI¥YDO



oot

T

199} ‘yideq

“-

.

RiIAlSISDY Jusipddy ™

o

<

©w

- 30 N W ‘ﬁb-mo

- O 00 M

N

m

L=

wn

(1]

000¥€!

L€1 0004€l

L

- 3D 0 N

* % Qojow’pod

9

o_,. 8L %m.vm >>m~u_._.¢m

SATDAD E X Z .
¥'E'0 NIRGYN ‘0D ¥3S63 ¥ TIJINIAN W.n.x
Zcll-6SE OIAHLINVYDOT




1933 ‘yidaq

00} . Ol

. 9 ¢ ¥ £ z 68 £ 9 § 4 ¢ 2 168 £ 9 § ¢ e z .
pos
©
he)
=}
®
=
py)
o & - lo)
o,
a.
£ =
: = Z
¥ -
o
c 3
o & ] uﬂ_v
9 o3
Qr “ A. P
L - L
8 ESEEE 2 8
6 g = ;lm
I =5 =k
7

000's| 000's 000°G1 000'G . c

AR R0 s il
. i mlno O.NQ.M.O& w.aDO..nJ....D%. T i
yidaq |pjoy . a|qDL 434D

9 9
2 L
8 8
6 : 6
I g & £ 7 g § £ . 6 8 L O N2 € e & e gh

‘yotoul 10bg ¢ &5 ol Mosd “NOIfL22's bi Y

S3TDAD EX T
"¥'$'n RIBOVA "OD H3ISEA ¥ 13d4N3N anx

cli-6G€E DINHLINVYDOT



199} ‘yidag

(0]0]] . 0]
168 L 9 & A ¢ z 6§ 8 £ 9 ¢ ¥ ¢ 2 68 L 9 ¢ ¢ > 2 .
. “ 1 3
>
3
£ o
e
(]
{1 p=1
il s yi 3
Z =10
" @
g i g
=
: FE : m <
[ t
(2]
& f 3
Q T 5 e}
J B B 4
i & )
e /
m ﬂ, j e 6
.m 3 .u_; P T - .—..
il |
00%! 00g'Y ooo'sel 00y
{ i i
ysdag 9|qDL JOIOM

fof ki s
o4 G
ol 9
! i L
8 8
6 : 6
. +- M
TR R 9 y 3 Z 6.8 L 9 & ¢ £ z 6 8 L 9, g, S . 1

ydiou sdog i1 ol mosu“NolfL2Zs Iy

S3ATIDAD EX T
‘Y°S'n Nl BAYH  *OD H3ISE3 B 13dANIN W#x
2l1-6S€ DIWHLI¥VYDOT



190} yidag

o
o0
P
O
0
<t
™
o
1]
o
0
1
<O
ey
o
ol
.
{or]
o
=]
£>
—e
g
Iy
™

rod

]

jJuainddy

[aN}
&y
3

24

Gug'l 0ss! 052'lb - 0sL'el . g

9 g P19

; 5% .0.. RAOK ] . “

‘ BANHITe IERA
8 9|90y hm_._m:s -3
61 : SE== : EEmmme e
1 JSEaRE: I ERER, ] == ; } ‘» 5 e s o o e g
£ ¢ [

(Goibédgo1- oMoy

Aﬂ_ r. ¢
MB8HP'H NLOIL6E'S 91'Y

.<.m.=z_un<:.Oumummmﬂu_wm.m:wu.
2Ll-6SE DIWHLIYYDOT =S



199} ‘yideq
VA ¢

LILZLLIE 20 20 B0 T8 B0 1 Nt S St B Rt B S Bt ey

-y

i 1 [ o
K H I NN N
G ¥ - , - §
9 Q
4 7

- O XN I~

isisay juaunddy

— 3 0 M~

SEEaE! e
=
L ~
AARRRRAN ay A ! N i | <
1
ASENNEEN RIS R R N 5 0 O o
>
i 1 il RARERARE RUSNR N ] 1 L L \
T il T KNS - o
! L e T e e i QI I I N iRy A
z _ : z3
B < e e
4 |~ - o
€11 o » - = = “ €
g g o BEgs e jannt e == !
o e e T
i T -k S o [ wont E 5] SR G IR TLR (0 [ sy S —
4 PRSI B PN 1ok 00 e e B g o St S R o T SNy [y SRS (B S = %
¥ 7 Y
S — - §
HHH !
94 9
i n !
sy - B .
PRt “ SR 7
8 - = - , = - - : 8
. S . | | ~
[ 4 - ; ; 6
0 T ¥ ! i ; -
1. ; : : b2le s el SES SRR i i
13

L

TV Y
MOGY “NeOILI'S iy

S3TIDAD E X 2
‘¥°S'0 NIIAYR ‘0D ¥3553 ¥ 1344N3A wnrx
2ll-6G€ DIWHLIYVDO1 o



1984'yidaq

(3]

o

|
i
b=y

[Tl

(S

-3 0 N O

— O M~

%o o1},

o a0 |

<t

©O

™~

™ O

- O O I~

v
yo|oWw poog

o>

SITUDAD € X 2

‘YTS'{1 Ml 3aYW

2il-6SE

‘0D ¥3S63 B 1344NaM
DINHLIYVYDOT

L 9 g y & ¢
M8ty “NLOIL'9ZS

Lo ]

Al}s153Yy juaspddy

9!

wo - wyo



199} ‘yideq

00l o]
o] 4 6 C £ 2 6 8 [ 9 g y 4
il il 1
i
| !
i
! p >
I o
. , 3
A : z3
2
i 2
@
ol 3 o
“HA ta
= - ! <
v &E ESEESSE S8ias -+ <
4 T W.
g _ 63
yii =L
9 90
(] Kl v
[ L
m [ . Q
6 i == 2 : : 5
.H oy oo ] - = Rt o 1] ] yag aey 3 H
I ; I ®
©
_ “ M
[4 - + Hh L 4
€ o €
Lais = H i
a T
= {
;i
9 =
N |
6 w : f
HE t EERE :
[ 4 S 6 2, £ . g O 3
0l N601l 2¢'S

g8 L 9 g ¥ £
189} 08 0} Y93pui 4104

SITDAD EX E

‘Y'S'N NI AQYR

cli-6geE

‘0D YESEd B 1344NIN
DIAHLINYDO1T

=07





