SINGLE-ELECTRODE ELECTRICAL LOGGING IN SUBSURFACE
GEOLOGICAL CORRELATION OF UNCONSOLIDATED AND
SEMICONSOLIDATED SEDIMENTS IN INDIA *

by G. C. CHATERII and 8. C. SixH4, Geological Survey of India
(Communicated by A. G&. Jhingran, F.N.I.)

(Recetved September 2, 1962)

The application of single-electrode electrical logging as an aid to subsurfaco
goological exploration was introduced in the Geological Survey of India in
1953. The first few boreholes logged were in PEPSU [now parts of Punjab (I)]
and Bihar, Since then electrical logging has been extensively done in
exploration for groundwater, mainly in unconsolidated to partly consolidated
sediments, for lignite in semiconsolidated strata of Tertiary age, for coal
in consolidated Gondwanas, and also for petroleum in semiconsolidated
Tertiary formations. Operations have been carried out in eleven states
of India. This paper deals with a critical evaluation of electrical logs—
spontaneous potential and resistance curves, done in conjunction with the
study of drill-cuttings and analysis of formation fluids. More than 256 bore-
holes drilled in different parts of the country were included in this study.
The boreholes were electrically logged in uncased and mud-filled state, It

b has been found in the course of study that identification of lithological changes
in boreholes, location of granular horizons, approximate evaluation of salinity
of formation water, leading up to correlation of strata penetrated by different
boreholes, can be done with a fair degree of accuracy with the help of single
electrode-electrical logs. The paper is illustrated.

1. INTRODUCTION

Electrical logging as a subsurface geological aid was initiated in the
Geological Survey of India in 1953 in connection with the drilling for ground-
water in Punjab (I) and Bihar. Since then electrical logging has been exten-
sively done in other parts of the country (Text-fig. 1) for groundwater (Sinha
1957), coal and lignite (Chaterji and Sinha 1959), oil and natural gas, as also
at one dam-site. More than 650 boreholes drilled for different investigations
have so far been electrically logged (Appendix A). The present paper makes
a critical study of the electrical logs of more than 256 boreholes drilled for
groundwater exploration in unconsolidated and semiconsolidated sediments.
The Geological Survey of India programme of electrical logging was initiated
by G. C. Chaterji; and under his general supervision S. C. Sinha conducted
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SINGLE-ELECTRODE ELECTRICAL LOGGING 349

the expanding activities with the assistance of & number of Electrical Logging
Operators.

The authors express their thanks to Messrs. B. N. Niyogi, A. P. Rao,
D. Chatterjee, S. K. Mitra, B. V. Subba Rao, Y. S. R. L. Narasimham and
N. Kameswaran for their help and co-operation in conducting the electrical
logging work; to Mr. B. N. Chatterjee for electrical logging of boreholes and
also for extending help in the compilation of some of the data presented in
this paper.

2. DriuLiNGg

The exploratory drilling was carried out by the Government of India,
Exploratory Tubewell Organization, using direct mud-circulation rotary rigs.
Usually 5-63 to 6-75-inch diameter drilling bits were employed and the maxi-
mum permission depth of drilling was 1,500 feet. Investigations connected
with Geology, Geophysics, Hydrology and Chemistry were conducted by the
officers of the Geological Survey of India under the superintendence of G. C.
Chaterji.

3. ELrorricanL LoceINg

Seven sets of single-electrode electrical logging equipment, manufactured
by the Well Instrument Development Corporation, Houston, Texas, U.S.A.,
were used for electrically logging the boreholes in their uncased and mud-
filled state. The single-electrode logger records one resistance and one spon-
taneous potential‘graph on a moving calibrated chart of 20 or 50 feet to an
inch vertical scale. Mud resistivity kits were used to measure the resistivity
of the drilling fluid at different stages of drilling of each borehole and also
for determining the Formation Resistivity Factor of granular materials.

Formational breaks are sharply depicted on the electrical logs as sudden
changes in electrical characteristics. Shifts in the shale bases of spontaneous
potential and/or resistance curves, S.P. reversals, as well as changes in the
general shape of the curves, indicate changes in the nature and consolidation
of the formations, as also changes in the degree of mineralization of forma-
tion waters. Such changes are noted to mark the boundary between different
formations. '

4, INVESTIGATIONS

A. Narmada and Tapi Basins
(a) Narmada Basin

The alluvial tract of the upper Narmada Basin is an elongated tract
(Text-fig. 2) which covers an area of about 5,000 sq. miles, extending from
Jabalpore (23° 10’ N., 79° 57° E.) to Harda (22° 15’ N,, 77° 08’ E.) through
a distance of about 190 miles along an ENE.-WSW. direction, varying in
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width between 15 and 30 miles. It is bordered on the north and south by
the Vindhya hills and the Satpura mountain ranges respectively. It is in a
rift valley caused by down-faulting along the bases of the Satpuras and the
Vindhyas, the resulting frough having been filled up by materials carried
down through the drainage emanating from the hills, The general elevation
of the basin varies from 900 to 1,200 feet above the mean sea-level, and the
country has a gentle slope towards the west.

The geological succession in the area is as follows:

Soil and alluvium.
Laterite.
Deccan Trap (Basalt).
Gondwanas.
Vindhyans.

_Crystalline metamorphics.

Study of electrical logs in conjunction with the study of drill-cuttings
and drill-performance enabled the identification and location of fresh-water-
bearing granular beds, clastic sediments and major formational breaks.

The drilling mud, which was prepared by mixing ‘bentonite clay’ with
fresh-water from shallow dug wells, had a resistivity of more than 80 ohms-
meter at 25° C, in almost all the boreholes. Fresh-water-bearing unconsoli-
dated granular beds recorded resistance anomalies of the order of 10 to 25
ohms, while the spontaneous potential anomalies against such beds ranged
between —2 and —15 millivolts. These granular beds are separated from
each other by low resistive horizons of clastic sediments. Alternating bands
of such clastic and granular sediments exist within the top 250 to 500 feet
of strata in different boreholes; and they constitute the alluvium of the area.
Below the alluvium exists a continuous and uniformly low resistive formation
which is composed of blue- and pink-coloured Denwa (Upper Gondwana,
Rhaetic) clays. Thickness of the Denwas range between 50 and 260 feet.
The Denwas are followed down depth by thick and high resistive beds of
sandstones. A few thin and low resistive beds of clastic sediments are also
indicated to be present with these sandstone beds. The order of resistance
and spontaneous potential anomalies in these sandstone beds range between
10 to 30 ohms and —10 to —20 millivolts.respectively; and they are easily
distinguishable from the indications picked up against the sand beds in the
alluvium. The sandstones are interpreted to belong to the Pachmarhis
(Upper Gondwana, Keuper). Below fhe sandstone beds exist the extremely
high resistive dense and compact bed-rocks,

Two correlative electrical log sections, A-B-C and B-B;, are presented
(Text-fig. 2). The section A-B-C covers a distance of about 125 miles. The
junction between the alluvial cap and the Gondwanas is indicated by the line
a-b. In the central part of the area, the thickness of alluvium is recorded
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as minimum (250 feet) near borehole 31 (Sobhapur); from where it increases
on the east and west. In the extreme eastern part, the thickness of the
alluvial cap ranges between 200 and 300 feet.

Section B-B; covers a distance of about 7 miles in a north-south direc-
tion. The lateral extension of the high resistive fresh-water-bearing granular
beds in the alluvial cap and the gradual increase in the percentage of low
resistive clastic sediments in the granular beds from north to south are
indicated on this section. .

Boreholes 1, 2, 3 and 4, located north of the Narmada river, encountered
very high resistive bed-roek (Vindhyans) at depths ranging from 80 to 400
feet below the land surface. The boreholes 16, 17, 18, 19 and 20 encountered
bed-rock (Deccan Trap) at depths ranging between 120 and 400 feet. In
the upper weathered zone this rock is moderately resistive, but down the
depth the fresh-rock encountered is highly resistive. In other boreholes
highly resistive ancient crystalline bed-rock was encountered at depths ranging
between 450 and 1,056 feet.

(b) Tapi Basin

A soft-rock covered area of about 3,000 sq. miles in the upland basin of
the Deccan tableland, and mainly on the north of the Tapti river, starting
from Jhiribeda (Lat. 21° 30" N., Long. 73° 57’ E.) to Chapora (Lat. 21° 15
N., Long. 76° 10’ E.) was explored by 18 boreholes of depths ranging from
81 to 1,000 feet. The explored area is about 160 miles long and 5 to 15 miles
wide. It is bordered by the Satpura mountains on the north and the Satmala
range on the south.

The extremely high resistive Deccan Trap (basalt), which forms the
country rock in the area and also the hills and mountain ranges surrounding
this upland basin, underlie recent and (?) Pertiary formations consisting of
river-borne deposits. The sediments in the explored area are composed of
materials of clay; silt, sand and gravel (occasional) grade. The thickness of
the alluvium towards the western half of the area is shallow, ranging from
80 to 150 feet; towards the eastern half the thickness of alluvium ranges
from 200 to more than 1,000 feet. Moderate order of resistance (8 to 15
ohms) and corresponding negative spontaneous potential (—5 to —12 milli-
volts) anomalies recorded against considerable thickness of granular sedi-
ments indicated appreciable effective porosity and fresh-water in these beds.
Such beds were encountered in the central part of the area (Lat. 21° 10" to
21° 30’ N. and Long. 75° 20’ to 76° 00’ E.). The remaining part of the basin
was predominantly composed of low resistive clastic sediments underlain by
the high resistive Deccan Trap. The sediments encountered below 680 feet in
the borehole at Yaval (Lat. 21° 10’ N., Long. 75° 41’ E.) record 30 to 40 ohms
resistance and moderate S.P. anomalies. They are possibly of Tertiary age.
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B. Saurashtra and Kutch, Bombay
(a) Saurashtra

Nine exploratory boreholes ranging in depth from 500 feet to 1,500 feet
were drilled in Saurashtra (Text-fig. 3) within Latitudes 22° 40’ to 23° 30’ N.
and Longitudes 71° 00’ to 72° 00’ E. and covering an area of about 3,600
sq. miles.

The general geological sequence in the area is as follows:

Clay, sand, gravel, calcareous sand-

stones .. .. .. Recent and Pleistocene.
Sand and clay (variegated). . .. Upper Tertiary.
Deccan Trap (basalt) .. .. Eocene to Upper Cretaceous.
Wadhwan sandstones .. .. Lower Cretaceous.
Umia and Jabalpore beds (Upper
Gondwana) .. .. .. Lower Cretaceous to Upper
Jurassic.

Upper Gondwana and Wadhwan sandstones crop out on the surface as
inliers in Deccan Trap in the southern and south-western part of the explored
area. They are overlain by various thicknesses of alluvium in the north and
east near the edge of the Rann of Cutch. The Umia and Jabalpore beds are
folded along an east-west axis.

In boreholes 1 and 3 (Text-fig. 3) several zones recorded high resis-
tance (15 to 30 ohms) and negative spontaneous potential (—10 to —20
millivolts) anomalies down to depth of 500 to 600 feet below land surface.
They are fresh-water-bearing strata and have high effective porosity. In
borehole 4 near Dharangadhra, the granular beds within the depth range
0 to 600 feet record lower order of resistance and S.P. anomalies as compared
to those observed in boreholes 1 and 3. The formations down to 600 feet
depth range in borehole 4 are suspected to have been contaminated by
saline water effluent from a chemical factory located in the Dharangadhra
town. The granular beds in boreholes 1, 3 and 4 belong to the Umias. The
same sandstone beds, characterized by curves of like shape, below 600 feet
depth record lower order of resistance and strong negative spontaneous poten-
tial anomalies, indicating deterioration in the quality of formation water. Low
resistive beds of clastic sediments separate these sandstone zones. The
boundary between the fresh-water-bearing beds at the bottom is indicated
by the line a-b. Boreholes 10 and 5 have encountered alternate bands of
moderate and low resistive horizons of sands and clays of Tertiary age down
to depths of 500 to 550 feet below land surface. They are underlain at depth
by alternate bands of high and low resistive beds of sandstone and shales
respectively. The nature of electrical logs recorded in the deeper sections
of boreholes 10 and 5 is noted to be analogous to those recorded against the
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Umia sandstones of boreholes 1, 3 and 4. The deeper sections of boreholes
10 and 5 are, therefore, interpreted to belong to the Umias. The abrupt
drop in the elevation of the top of the Umias between boreholes 4 and 10
is interpreted to be due to folding of these beds; boreholes 1, 3 and 4 are
presumably sited on the crest of an anticline and boreholes 10 and 5 in the
down-dropping arm of the fold.

(b) Kutch

An area of about 5,760 sq. miles within Latitudes 22° 45’ to 23° 45’ N.
and Longitudes 68° 50’ to 69° 45" E. was explored through 10 boreholes drilled
in the Tertiary and Jurassic beds of Kutch. The electrical as well as litho-
logical characters of the Tertiary and Jurassic formations explored in Kutch
are comparable to those explored in Saurashtra.

Boreholes 1, 2, 3, 6 and 9 (Text-fig. 3) encountered alternate beds of
high resistive sandstones and low resistive clay beds (Jurassics). The sand-
stones recorded moderate order of negative spontaneous potential anomalies.
They have high effective porosity and contain fresh-water.

The remaining 5 boreholes (Nos. 4, 5, 7, 8 and 10) are located in the
Tertiary belt of Kutch. They encountered alternate aranaceous and argil-
laceous beds. The granular horizons were indicated as low resistive beds
recording strong negative spontaneous potential anomalies and contained
highly mineralized water.

C. Sindhu-Ganga Plain

Within India, the 8indhu-Ganga (Indo-Gangetic) plain covers an area
of over 160,000 sq. miles of fertile country. More than 200 boreholes were
electrically logged in different parts of this vast plain. Geologically, the
valley fill comprises alternating layers of strata which are composed of
materials of sand, silt, clay and gravel grades. Unconsolidated alluvial beds
and semiconsolidated strata have been identified. Occasional cemented
zones also occur. Electrical log correlation, as attempted in parts of the plain,
are discussed below:

(@) Shahabad district, Bihar
The exposed geological succession in the Shahabad district is as follows:
Recent to Tertiary Clays, silts, sands and gravel
Upper Kaimur sandstone
Bijaygarh shale and quartzite

Lower Kaimur sandstone
Rohtas limestone

Kaimur Series -
Vindhyans

| Kheinjua stage

Bemri Series Porcellanite stage
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The Vindhyans form the Kaimur plateau in the south of the district.
A progressive increase in the depth to bed-rock beyond north of the plateau
rim and the undulating nature of the sub-alluvial basin in the area were
anticipated (Chaterji 1957). In borehole 2 (Bhagwanpur; Text-fig. 4)
crystalline basic rock was encountered at a depth of 280 feet below land
surface.

Three lines of electrical log sections, covering an area of about 800 sq.
miles and containing the electrical logs of all the seven boreholes drilled in
the area, have been combined into one and presented in this paper (Text-
fig. 4). Beds recording moderate resistance and appreciable spontaneous
potential anomalies are composed of fresh-water-bearing granular materials.
The section shows the spread of the granular and clastic beds occurring within
the sediments. A progressive increase in the depth to bed-rock towards the
north is also indicated. " '

(b) Gangetic West Bengal

Ancient crystalline rocks as well as Gondwana and Tertiary sediments
crop out beyond the western fringe of the area explored (Text-fig. 5). Thick-
ness of alluvium gradually increases eastwards from these exposures.

Critical study of electrical logs of 25 boreholes drilled in the unconsoli-
dated sediments of the deltaic region between Latitudes 22° 45’ and 26° 00’ N.
(Text-fig. 5) reveal at certain depths sudden shifts in the ‘shale bases’ of
both spontaneous potential and resistance curves as well as changes in the
general shape of the curves below such depths, indicating sudden change in
the nature and consolidation of the formation as also change in the degree
of mineralization of formation waters.

In the area explored through drilling, formations above this break are
essentially composed of moderately resistive beds of granular sediments with
a few layers of clastic (low resistive) materials in them. Below the break,
the strata are composed of homogeneous and low resistive clastic sediments.
Occasional interstratifications of granular sediments as moderately resistive
beds are indicated in the area covered by boreholes 19 to 25.

In a few boreholes, Tertiary rocks have been encountered in the deeper
sections. Streaks of lignite have been found at various depths. Moreover,
the drill-cuttings from the associated strata resemble those collected from
the boreholes drilled in the established Cuddalore and Rajahmundri sand-
stones (Miocene or Mio-Pliocene) of the East Coast. Certain foraminifera
as also shark-teeth have been collected. All these evidences lead to the
inference that the breaks recorded on” the electrical logs are related to the
boundary between the Recent Alluvium and the top of Tertiary strata.

Two correlative electrical log sections are presented. The first section
A-B covers about 240 miles in a north-south direction. The second section
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C-D covering about 64 miles is also aligned in a north-south direction,
adjacent to the western fringes of the deltaic region. 'The boundary between
the Recent Alluvium and the probable top of the Tertiary strata is indicated
on both the sections by line a-b. The thickness of alluvium in section
A-B appears to be minimum (300 feet) in borehole 7 (Jiaganj), and increases
to the north (B.H. 22) and south (B.H. 16) to about 640 feet. In section
C-D the thickness of alluvium varies from 250 to 360 feet.

The high resistive bed-rock (ancient crystallines) was touched at depths
ranging from 180 to 900 feet in boreholes on the western fringe of the area.
In boreholes 21 and 23, which are located in the ‘ Garo-Rajmahal Gap’, high
resistive crystalline bed-rock was encountered at depths 852 and 997 feet below
ground level respectively (Chaterji ef al. 1959).

D. Coastal Tracts of Peninsular Indic

Exploratory boreholes were drilled in the coastal tracts of Orissa, Andhra,
Madras and Kerala States. Detailed electrical log correlation was attempted
for the Balasore and Cuttack districts, Orissa, and for the South Arcot distriet,
Madras.

(a) Balasore and Cuttack districts, Orissa

Fifteen boreholes ranging in depth from 360 to 1,000 feet were electri-
cally logged in an area of about 2,000 sq. miles. The area explored lies be-
tween Latitudes 20° 50’ and 21° 50" N. and is bounded by the Nilgiri hills on
the west and the Bay of Bengal on the east (Text-fig. 6). It is about 80
miles long in a northeast-southwest direction and has an average width of
about 25 miles. Two correlative electrical log sections, 4-B-C and D-B-E,
are presented (Text-fig. 6). Section A-B-C, about 50 miles long, follows a
central alignment; while section D-B-E runs along the seaboard. The
borehole 6 at B is the correlative meeting point of the two sections. In
the boreholes presented in section A-B-C, fresh-water-bearing granular beds,
restricted to about 700 feet depth, recorded on the electrical logs mod-
erate resistance and appreciable negative spontaneous potential anomalies.
In boreholes 4 and 8, granular beds below 700 feet depth recorded much
lower order of resistance and high negative S.P. anomalies, indicating slight
deterioration in the quality of formation water in deeper beds. These
decper beds have recently been identified as marine Miocene formations on
fossil evidences (from boreholes 4 and 8). In borehole 8 mud-flush drill-
cuttings tend to bring the marine Miocene higher up in the succession;
clectrical log evidence does not confirm this.

Boreholes located nearer the seaboard (Nos. 5, 6, 9 and 10) contained,
within the top 500 to 600 feet depth, a few low resistive beds that recorded
strong negative spontaneous potential anomalies. These beds were inter-
preted and proved to contain highly mineralized water. Below 500 to 600
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feet depth in the above boreholes, a few moderate resistive beds were noted
to record appreciable positive spontaneous potential anomalies. These beds
were interpreted and proved to contain fresh-water. Formations below
680 feet depth in borehole 5 were proved, from fossil evidences, to belong to
marine Miocene. Quality of formation water in these beds, as computed from
the S.P. log, is indicated to be almost identical to the quality of formation
waters in deeper zones of boreholes 4 and 8. The boundary between the
mineralized-water-bearing beds at the top and the fresh-water-bearing beds
at the bottom is indicated by the line a-b. Location of the intervening
impervious beds is also indicated.

(b) South Arcot district, Madras

The exploratory area (Lat. 11° 30" to 12° 30’ N., Long. 78° 50’ to 79° 50’ E.)
in the South Arcot district, Madras, contains the lignite field of Neyveli where
artesian aquifers are known to exist. The area is blanketed by soil cover
and laterite capping down to depths of 20 to 30 feet below land surface.
These are followed at depth by Cuddalore sandstones (Miocene or Mio-
Pliocene). The Cuddalores comprise alternating beds of gritty sandstones
and clays with lignite. The lignite beds vary in thickness from 8 feet to
100 feet; and the artesian aquifers end below the lignite beds.

The sandstone horizons are indicated on the electrical logs as high
resistive beds recording either positive or negative spontaneous potential
anomalies, depending on the salinity of the drilling fluid. The lignite beds
are not clearly indicated on the electrical logs because of their being satu-
rated with rather highly mineralized water. The highly responsive curves
obtained from the overlying and underlying sandstone strata, however, made
it possible to work out the lie of the lignite beds. '

A correlative electrical log section along an approximately north-south
alignment, through a distance of about 40 miles, is presented (Text-fig. 7).
The different beds are indicated to have a gentle southerly dip between bore-
holes 18 and 10. An abrupt increase in the slope of the beds is indicated
between boreholes 10 and 1. Correlation of the artesian aquifers below the
lignite beds is also shown.

CONCLUSION

The usefulness of the single-electrode logger as an aid to the investigation
and interpretation of subsurface geological conditions in the consolidated and
semiconsolidated sediments has been proved through the results of investi-
gations presented in this paper.

Even very careful collection and study of the drill-cuttings, particularly
from unconsolidated and semiconsolidated formations, usually do not permit
correlation of beds when fosgil evidences are absent. This difficulty is solved
to a large extent through a careful study of the electrical logs.
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Studies in conjunction with the mud-flush samples as well as drill-
performance logs, the electrical logs obtained through single-electrode logge}s
minimized the requirement of costly core-drilling. Characteristic curves
recorded against individual strata allow correlation over wide distances.
Correct location of formational boundaries which are otherwise difficult to
obtain in mud-flush rotary drilling are sharply recorded on the electrical
logs.
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APPENDIX A

Number of ' ;
Serial No., | boreholes Nature of | .
Text-fig, 1 Name of area | electrically investigation i Project
I logged
Narmada, Tapi and Purng Basins
1 Narmada Basin 44 Groundwater  Exploratory  drilling
exploration under O.A. 12.
2 Tapi Basin 18 do. do.
3 Purna Basin 14 do. do.
Saurashtra and Kutch
4 Saurashtra 9 do. do.
5 Kutch 10 do. do.
Arid Zones of Rajasthan
6 Rajasthan 10 do. do.
Sindhu-Ganga Plain
7 Punjab 38 do. do.
7A Punjab 40 do. Tubewell drilling pro-
gramme by State.
8 Uttar Pradesh 39 do. Exploratory drilling
under O.A. 12.
8A Uttar Pradesh 40 do. Tubewell drilling by
State.
9 South Bihar 16 do. Exploratory drilling
under O.A. 12,

10 West Bengal 34 do, do.
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Number of
Serial No., boreholes Nature of .
Text-fig. 1 Name of area ‘electrically investigation Project
logged
Brahmaputra Basin
11 Assam 4 Groundwater Exploratory drilling
exploration under O.A. 12,
Coastal Tracts of Peninsular India
12 Orissa 14 do. do.
13 Andhra 15 do. do.
14 Madras 40 do. do.
do. 70 Lignite Neyveli Lignite Cor-
poration.
15 Kerala 5 Groundwater Exploratory drilling
exploration under O.A. 12.
Other Invesiigations
16 West Bengal 20 Coal Exploratory drilling
exploration for coal by G.S.1.
17 Bihar 168 do. do,
18 Punjab (Beas Dam-site) 1 Structural geo- Irrigation Department,
logy at dam-  Govt. of Punjab.
site
19 Punjab (Jawalamukhi) 1 0il Oil and Natural Gas

exploratvion

Commission,





