
Interpretation of an 

Aeromagnetic Survey 

of Indiana
By JOHN R. HENDERSON, JR., and ISIDORE ZIETZ 

GEOPHYSICAL FIELD INVESTIGATIONS

GEOLOGICAL SURVEY PROFESSIONAL PAPER 316-B

Prepared in cooperation with the 

Indiana Department of Conservation, 

Geological Survey

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1958



UNITED STATES DEPARTMENT OF THE INTERIOR 

FRED A. SEATON, Secretary

GEOLOGICAL SURVEY 

Thomas B. Nolan, Director

For sale by the Superintendent of Documents, U. S. Government Printing Office 
Washington 25, D. C. - Price 75 cents (paper cover)



CONTENTS

Abstract. _________________________
Introduction- ________________ _ _ _ _.
General geology._______-_-__-____.
Subsurface geology___________ __.
Aeromagnetic map_________________
Average magnetic and gravity maps.

Page 
19
19
20
20
22
24

Precambrian surface map.___________________________
Relation of magnetic pattern to oil and gas production in 

Indiana________________________________________
Conclusions and recommendations____________________
Indiana 10-gamma aeromagnetic maps________________
Literature cited_____________________________________

Pare
27

32

37

ILLUSTRATIONS

PLATE 4. Total intensity aeromagnetic map of Indiana
In pocket 

5. Depth evaluations in Howard County, Ind.
In pocket

FIGURE 6. Generalized bedrock map of Indiana. ______
7. Map showing generalized structure of Tren 

ton limestone in Indiana______________
8. Magnetic anomalies and geologic section over 

an assumed dike in Randolph County.___
9. Map of Indiana showing average magnetic 

intensity. ______________________________
10. Map of Indiana showing gravitational in 

tensity -----------.-_-----.._______-____

Page
20

21

23

25

26

Pag-e

11. Theoretical contours on Precambrian base 
ment surface of Indiana ________________

12. Comparison of geophysical and geological 
maps of northeastern part of Indiana____

13. Reflection time cross-section profile A A', 
northeastern Indiana-__________________

14. Aeromagnetic map and gas fields, Harrison 
County__ _________-_----___--__.___-__

15. Aeromagnetic map and oil fields, Knox 
County_______________________________

16. Aeromagnetic map and oil fields, Daviess 
County  _ ___________________________

m

31 

3' 

34 

3"





GEOPHYSICAL FIELD INVESTIGATIONS

INTERPRETATION OF AN AEROMAGNETIG SURVEY OF INDIANA

By JOHN R. HENDERSON Jr., and ISIDORE ZIETZ
ABSTRACT

An aeromagnetic survey of the State of Indiana was con 
ducted in 1947, 1948, and 1950 by the United States Geological 
Survey in cooperation with the State of Indiana. The Survey 
has published 92 county aeromagnetic maps on a scale of 1 
inch=l mile with a contour interval of 10 gammas.

These maps have been combined into one on a scale of 
1:500,000 and a 50-gamma contour interval to form a regional 
map of the State. The aeromagnetic map has been studied 
in combination with a regional gravity map prepared by the 
Indiana Geological Survey. Most wells drilled to date (1955) 
have been relatively shallow and geologic information below 
the Trenton limestone of Middle Ordovician age has been sparse. 
The existence of a detailed and accurate aeromagnetic survey 
of the State made it possible to prepare a regional contour 
map of the buried Precambrian crystalline surface. This was 
done by analyzing 79 isolated well-defined magnetic anomalies 
and determining the depths at these locations. The topographic 
trends on the Precambrian basement rocks are in general similar 
to the structural trends on top of the Trenton limestone. There 
is also excellent agreement between the basement map and 
the depths to basement rocks determined by deep-well drilling. 
In the northeast corner of the State, the basement contours 
indicate the possible existence of a major northwest-trending 
ridge about 50 miles wide which does not appear on the struc 
ture map on top of the Trenton limestone. The existence 
of this ridge is partly confirmed by large gravity and magnetic 
anomalies at almost the same place. Seismic-reflection profiles 
also tend to confirm the existence of the postulated structure.

Maps showing the location of oil and gas wells have been 
compared with the larger aeromagnetic anomalies in several 
counties. A good correlation seems evident in Harrison County 
in southern Indiana, but in the southwestern part of the State 
most oil wells seem to be located along the flanks of the major 
magnetic anomalies.

INTRODUCTION

Much of Indiana is mantled with glacial till that 
has forced geologists to rely heavily on well logs for 
information about the areal distribution of rocks that 
would normally crop out. Well logs have also sup 
plied almost all the reliable data about the subsurface. 
Unfortunately most wells drilled to date (1955) have 
been relatively shallow and geologic information below 
2,000 to 3,000 feet has been sparse or nonexistent. A 
regional geophysical survey could be expected to yield 
supplemental subsurface information, and for speed 
and economy, mapping with the airborne magnetom 
eter was a logical choice.

In December 1946 representatives of the United 
States Geological Survey and the Indiana Department 
of Conservation, Division of Geology, conferred on 
the possibilities inherent in an aeromagnetic survey of 
the entire State of Indiana. It was anticipated that 
such a survey would yield information on the con 
figuration of the Precambrian crystalline basement 
rocks, on the structure and variations in thickness of 
overlying sedimentary rocks, on variations within the 
basement rocks, and 011 the location and approximate 
configuration of any younger igneous rocks which may 
have intruded the sedimentary strata.

A 1,500-square-mile area in the northwestern part of 
the State was flown in February 1947 as a test project 
Data from this survey were released in open file in 
June 1947 as two maps. These were followed by a 
preliminary report also in open file. Kesults of the. 
experimental survey were sufficiently encouraging to 
warrant proceeding with the proposed aeromagnetic 
mapping of the whole State. In June 1947, a coop 
erative agreement for such covarage was signed by the. 
Geological Survey and the Indiana Survey.

Fieldwork was carried out from September to No 
vember 1947 under the direction of W. J. Dempsey and 
in September to November 1948 and August 1950 under 
the direction of J. K. Henderson. The magnetic survey 
was made with an AN/ASQ-3A airborne mag 
netometer flown about 1,000 feet above the ground. 
North-south flight lines were spaced 1 mile apart. In 
strumental and diurnal drift were compensated for by 
means of repeated east-west base lines. Ninety-two 
aeromagnetic maps, one of each county, were compiled 
with a 10-gamma-contour interval on a scale of 1 
inch=l mile and published by the U. S. Geological 
Survey between April 1949 and June 1952. These are 
listed at the end of this report. County road maps 
were used for base maps because better maps of the 
entire State were not available. Plate 4 is a composite 
statewide aeromagnetic map with a 50-gamma contour 
interval prepared from the county maps.

Neither the 10-gamma county magnetic maps nor 
the 50-gamma statewide map was corrected for a nor 
mal gradient. An approximate compensation for this
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20 GEOPHYSICAL FIELD INVESTIGATIONS

variation may be obtained by subtracting 8 gammas for 
each mile to the north and 0.5 gamma for each mile to 
the east. These figures were derived from horizontal 
intensity and inclination charts and tables of the U. S. 
Coast and Geodetic Survey (Deel and Howe, 1948). 
A large area was outlined to include all of Indiana 
and parts of Illinois and Ohio to insure smooth curves 
relatively free from the influence of local anomalies. 
Total intensity was determined from the formula 
T=H/cos I and values were computed for points 
equally spaced over the area. Smooth curves were then 
drawn through points of equal intensity.

GENERAL GEOLOGY

Indiana is part of the central stable region of North 
America which has undergone only mild deformation 
since the beginning of Paleozoic time (King, 1951, p. 
3). Upper Cambrian sedimentary rocks are thought to 
rest directly on the Precambrian basement complex 
throughout the State. Sedimentary rocks representing 
all the Paleozoic periods through the Pennsylvanian 
are present. Bedrock (fig. 6) throughout most of the 
State is concealed by Pleistocene and Recent deposits.

As usually interpreted (Eardley, 1951, p. 29), in pre- 
Devonian time the Illinois and Michigan basins were 
a continuous unit. Beginning in the Devonian period 
the northwest prong of the Cincinnati arch first 
emerged as an area of uplift dividing the original basin 
into separate parts. Subsequently the depositional his 
tory of the two basins has varied. A southeastward- 
trending arm of the Wisconsin arch also extends into 
Indiana and is separated from the apparently related 
Cincinnati arch by the depressed area known as the 
Logansport sag. Ekblaw (1938) calls this fold the 
Kankakee arch and dates the period of maximum up 
lift (500-600 feet) as pre-St. Peter (Middle Ordovi- 
cian).

Structurally the Cincinnati and Kankakee arches 
stand about 6,000 and 10,000 feet high in relation to 
the Illinois and Michigan basins, respectively, as 
measured on top of the Trenton limestone. This struc 
tural relief is attributed mainly to subsidence of the 
basins rather than the uplift of the arches. Subsidence 
is evidenced by a thickening of most individual forma 
tions toward the basin centers. The top of the Trenton 
limestone dips at the rate of a few feet per mile toward 
the central part of the basins from the center of the 
arches.

SUBSURFACE GEOLOGY

Knowledge of the subsurface formations of Indiana 
has been based, for the most part, on the extensive data 
derived from well logs. W. N. Logan, while State 
Geologist, published two volumes (Logan, 1926, 1931)

M I C H I G A N

EXPLANATION

FIGURE 6. Generalized bedrock map of Indiana.

summarizing this information and combining it to pre 
pare generalized subsurface maps of Devonian and 
Ordovician formations. Supplements to Logan's 1931 
publication were issued between 193° and 1944, and 
structure maps of the oil-producing counties were pub 
lished in 1948 and 1949 by the Indian a Gelogical Sur 
vey. Other contributors to the literature on the State's 
subsurface geology include Harris and Esarey (1940) 
and Cumings and Shrock (1928).

Below the Trenton limestone (Ordovician), subsur 
face data are sparse because this level marks the point 
below which oil and gas possibilities have been slight. 
Figure 7 shows the generalized structure 011 top of 
the Trenton (Dawson, 1952) in Indiana and also 7 of 
the deep wells that penetrate to, or rear, the Precam 
brian basement. Stratigraphy for 4 deep wells in east 
ern Indiana is discussed by Bieberman and Esarey 
(1946); stratigraphy for 3 wells in Sullivan and Vigo 
Counties is discussed by Bieberman (1949). The lat 
ter group penetrate only to the Devonian.
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EXPLANATION

  26/7
+ 757

Location of wells selected as 
control

Top of Trenton limestone 1ST feet 
above sea level; top of Precambrian 
rocks 2617 feet below sea level. 
(Figures shown in parenthesis are 
estimated.)

Outcrop of Trenton limestone 

Structure contour
Drawn on top of Trenton limestone

 I

From Indiana Geological Survey 
Misc. Map3, 1952

L_ I i .

TT^T \   _ * J
-(42 ! -2( +89 L-^" 1 tts] 

«

40 Miles

CoBtour interval 250 feet
Datum is mean sea level

Compiled by T. A. Dawson, 1952 

FIGUBB 7. Map showing generalized structure of Trenton limestone in Indiana.
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The Trenton subsurface map graphically portrays 
Indiana's known major structural units. The north 
west prong of the Cincinnati arch, the southeast exten 
sion of the Kankakee arch, and the dipping strata away 
from these positive elements toward the Michigan 
basin to the north and the Illinois basin to the southwest 
are all clearly evident. The deepest point in Indiana 
at which the Trenton has been reached is in south 
west Gibson County, on the Wabash River, where it 
was found 5,764 feet below sea level.

Sub-Trenton information is mostly confined to the 
shallow zone above the Cincinnati arch. Below the 
Trenton in the basin areas much remains to be learned 
of the character and thickness of the sedimentary sec 
tion and the controlling structures. A theoretical base 
ment map, constructed by derivation from the mag 
netic data, offers an interpretation of the Precambrian 
basement.

AEROMAGNETIC MAP

The total intensity aeromagnetic map (pi. 4) was ob 
tained by combining the 92 individual county magnetic 
maps and recontouring on a 50-gamma interval. Re 
gional trends are more easily observed on this state 
wide map, but, for detailed analysis of small areas, 
the original county maps with their larger scale and 
closer contour intervals should be consulted.

Comparison of the generalized bedrock map of In 
diana (fig. 6) with the statewide magnetic map reveals 
no apparent correlation. This was anticipated because 
there are neither outcrops nor known near-surface 
igneous or metamorphic rocks anywhere in the State. 
The sedimentary strata that comprise the geologic sec 
tion in Indiana are for the most part nonmagnetic. 
Furthermore, in all the drilling in the State, no con 
firmed igneous intrusions have been found. There are 
no probable sources for the magnetic anomalies in the 
sedimentary rocks; therefore, it must be concluded that 
they arise from the crystalline basement complex.

An inherent difficulty in the interpretation of mag 
netic surveys is that the resultant data are seldom sub 
ject to unequivocal solutions. It is always possible to 
reproduce a given magnetic anomalous field by varying 
the parameters of magnetic susceptibility, that is, the 
shape and depth of burial of the magnetic mass. How 
ever, through additional geological and geophysical 
data, the shape and depth of the anomalous mass may 
be fairly accurately determined.

Depth to basement is not, in general, indicated by 
the strength of the magnetic field; therefore, the aero- 
magnetic map of Indiana (pi. 4) should not be in 
terpreted as a topographic map of the basement. It 
is sometimes possible to estimate relative depths in a

qualitative way. In the eastern and northern parts 
of the State, uplift has brought the basement rocks close 
to the surface. This is reflected by small- to medium- 
sized relatively intense anomalies. The presence of 
low-gradient anomalies covering large areas might im 
ply either a thickening of the total sedimentary section 
or the occurrence of a different type rock within the 
basement, presumably less magnetic. This is well il 
lustrated in the central and eastern parts of the State 
where 5 drill holes have reached the Pr-ecambrian sur 
face. The 4 drill holes in Wayne, Henry, Alien, and 
Howard Counties indicate a comparatively shallow 
basement with depths ranging from 2,f00 to 3,000 feet 
below sea level. In the southwestern part of the State, 
the magnetic pattern changes radically. This is prob 
ably caused by a thickening of the to^al sedimentary 
section. In Jay and Blackford Counties and most of 
Delaware County the field characteristics are not un 
like those to the southwest. However, the sedimentary 
rocks are not thicker in Jay County, because the drill 
penetrated basement at a depth of 2,411 feet. Conse 
quently, it follows that a different type rock must have 
been penetrated. This was verified by a study of the 
analysis of Precambrian cuttings at the drill holes 
(Kottlowski and Patton, 1953). Whereas the basement 
rocks at four drill holes were identified as granite, 
the basement rock at the fifth hole in Jay County, 
was found to be a dolomite marble, which is mostly non 
magnetic.

Inspection of the statewide magnetic map reveals a 
complex pattern with many outstanding features. 
Among the more striking anomalies are the roughly 
circular high centering on the Alien Oounty-Whitley 
County border, the large well-developed high in Har- 
rison County, the several rather isolated small- to 
medium-sized strong-intensity highs, rnch as those in 
Pulaski, Elkhart, Hamilton, and Grart Counties, and 
the diagonal southwestward-trending steep-gradient 
anomaly extending from eastern Randolph County to 
west-central Fayette County. All field values are rela 
tive to an arbitrary datum and are not absolute 
measurements of the earth's magnetic field. Removal 
of the earth's normal gradient would produce only a 
slight change in the size, shape, and location of the 
total intensity anomalies.

The Alien Coimty-Whitley County magnetic high is 
the most pronounced feature on the entire map. It 
has a maximum amplitude of 1,500 gammas and covers 
a roughly circular area about 40 miles in diameter. 
The anomaly correlates well in position and in trend 
with a strong gravity high. These anomalies outline 
a dense highly magnetic rock mass that is probably 
mafic and possibly batholithic in nature.
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West of this large feature is another magnetic 
anomaly similar in areal extent but smaller in mag 
nitude. This occurs in Kosciusko, Marshall, Fulton, 
and Wabash Counties. Peculiarly, the general charac 
teristics of this anomaly are in many ways similar to 
its counterpart in Alien County: the sharp gradients at 
the west and south borders of the anomaly with a 
marked reduction in slope at the east border, a pro 
nounced negative anomaly to the northwest, and a 
smaller associated anomaly to the south. This suggests 
that the highly magnetic masses producing both 
anomalies have approximately the same geometry and 
attitude within the Precambrian rocks. The existence 
of a belt of gravity anomalies covering roughly the 
area and extending farther to the west suggests a 
possible zone of weakness in which the more mafic and 
dense rocks have intruded into the basement. The 
theoretical basement contour map shows about 1,000 
feet of uplift in the anomalous area with the uplift off 
set to the north of the anomaly. In minor part, the 
geophysical anomalies may be associated with and 
represent basement uplift, but mathematical analysis 
has shown that the major factor must be a lithologic 
change in the crystalline rocks.

Scattered throughout Indiana, particularly in the 
northern half, are a number of roughly circular intense 
magnetic closures that are only a few miles in diameter. 
Good examples of these anomalies occur in Pulaski, 
Elkhart, Hamilton, and Grant Counties. The authors 
believe that they may signify stocks or bosses now 
beveled at the basement surface. This last conclusion 
is supported by mathematical depth estimates made on 
the anomalies, which show no sign of present pierce- 
ment toward the surface.

There is good correlation between the strong mag 
netic high of about 1,000 gammas in Harrison County 
and a gravity anomaly of 15 milligals at approximately 
the same location. Again, the existence of these 
anomalies probably indicates the presence of a large 
mafic plutonic mass in the basement possibly extending 
well into Kentucky. Of particular interest is the close 
association of the magnetic anomaly with the location 
of gas fields in this county. This correlation is dis 
cussed on page 32.

From eastern Eandolph County the sharpest mag 
netic lineation in the State extends southwestward for 
about 55 miles through Wayne County and into Fayette 
County. This intense feature is interrupted (trend 
absent) about midway, but, where present, it is strongly 
suggestive of a contact between different types of rock. 
The sharp lineation of the feature suggests that the 
contact is either a major fault or a linear dikelike 
intrusive.

467952 68  2

The parameters of a two-dimensional structure 
obtained by fitting theoretical profiles to an observed 
profile flown at right angle to the magnetic strike. 
Computations support the hypothesis that the magnetic 
anomaly is caused by a dike. However, the dike may 
have been intruded into a preexisting fault or fracture 
zone. The results of the calculations are shown in figure 
8. Because of drill-hole information in the immediate 
area, the top of the dike was placed at the surface cf 
the Precambrian, 3,000 feet below the ground. The dike 
was assumed to be 2,000 feet wide, extend indefinitely 
downward, and have a susceptibility contrast of 0.008 
cgs. To account for the large negative amplitude to 
the northwest, a dip angle of 45° to the southeast was 
assumed.
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FIGDEE 8. Magnetic anomalies and geologic section over an assumed 
dike in Bandolph County, Ind.

Other sharp magnetic gradients may be found si 
several locations on the aeromagnetic map. Associated 
with these gradients are magnetic lows covering rela 
tively large areas. Again, they doubtless represent cor - 
tacts which differentiate between rock types. A typical 
example is the narrow zone of small amplitude anom 
alies located in the western part of Eush and Henry 
Counties and alined in a general north-south direction.
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This belt of highs is flanked to the west and east by 
broad negative anomalies. Sharp gradients are also 
evident in a zone extending through parts of Delaware, 
Madison, and Grant Counties and in another zone in 
the eastern part of Cass County. There are other less 
obvious regions where this differentiation of rock type 
is also discernible.

There is no confirming magnetic evidence of a shal 
low-buried intrusion in the Kentland (Newton County) 
"cryptovolcanic" area (Shrock and Malott, 1933). This 
half-square-mile area of disturbed Ordovician rocks 
is on the south flank of a large magnetic high. An 
igneous origin of the Kentland phenomenon is not en 
tirely disproved because no aeromagnetic traverse 
passed directly over the structure.

AVERAGE MAGNETIC AND GRAVITY MAPS

The average magnetic map of Indiana (fig. 9) was 
prepared by the Indiana Geological Survey (1953a) 
from the series of county aeromagnetic publications. 
It is intended to present a regional picture of the mag 
netic pattern. Minor magnetic features are minimized 
by averaging the values of the total magnetic field for 
each township and plotting the arithmetic average at 
the center of the township. A normal gradient increas 
ing to the north at 6.5 gammas per mile was removed.

The Indiana Geological Survey's gravitational map 
of the state is given in figure 10 (1953b). Control for the 
map is based on a density of approximately one station 
for each township. The contours show equal values of 
the Bouguer anomaly. A density of 2.6 for the upper 
sedimentary rocks of Indiana was used as a basis for 
the altitude correction. The 250-milligal contour cor 
responds approximately to a Bouguer anomaly of   39 
milligals based on pendulum station TJ. S. 1092, estab 
lished in 1940 by the U. S. Coast and Geodetic Survey 
at West Layf atte, Ind. The similarity of station den 
sity for the average magnetic and the gravity maps pro 
vides a satisfactory basis for correlating the resultant 
data. It must be realized, however, that the gravity 
data are from single station observations in each town 
ship, whereas the magnetic data are the average of nine 
measurements taken at the corners, the midpoints of 
each side, and the center of each township. The average 
magnetic map is, therefore, based on composite data 
whereas the gravity map is based on discrete points.

Many of the larger features on either map are rep 
resented by comparable features on the other map. 
Differences are mostly in magnitude or in the location 
of anomaly centers. The latter discrepancies are 
usually explainable by station location or are attribu 
table to the inclination of the earth's magnetic field. 
Because the earth's magnetic field is inclined, total in

tensity magnetic anomalies are always displaced to the 
south of the source. Gravity anomalies, on the con 
trary, are located directly over their source.

The degree of correlation between the average mag 
netic and gravity data in Indiana varies widely. There 
are many obvious examples of excellent agreement, but 
in some areas the correlation is less satisfactory. In 
a few places a strong trend on one map is not reflected 
on the other, and in some places there are reverse cor 
relations. In reverse correlations a positive feature 
on one map corresponds to a negative feature on the 
other.

Among the many instances of good average magnetic 
and gravity correlations are the positive closures along 
the Alien County-Whitley County border and the 
Lawrence County-Jackson County border high where 
even the southeastward-trending nose is well dupli 
cated. Good examples of correlating r°,gative closures 
are seen along the Orange County-Crawford County 
border and in Parke County. When correlation is good 
between mutually positive magnetic and gravity ano 
malies in Indiana the source is interpreted to be mafic 
igneous or metamorphic rock in the basement complex 
which also possesses a relatively high density contrast. 
Where the correlation is between mutually negative 
anomalies the assumption is that the underlying base 
ment source rock is probably more felsic in nature and 
less dense than its environment.

The strongly developed magnetic high in Harrison 
County and the intense magnetic low in Franklin 
County are plainly duplicated by the gravity measure 
ments but on a much less intense scale. The gravity 
high in southwestern Jasper County correlates in part 
with an elongate magnetic nose or ridge. Northern 
Porter County reveals a moderate-strength magnetic 
high with some evidence of a corresponding gravity 
anomaly. Interpretation of probable basement rock 
types in these areas of relatively poor magnetic and 
gravity correlation is difficult. In general it can only 
be assumed that the anomalies express susceptibility or 
density contrasts in the basement complex.

Several areas exhibit reverse correlation; two of these 
will serve as illustrations. A large positive magnetic 
anomaly centering in northeastern Delaware County 
corresponds in location with a negative gravity trend 
indicating basement rock with a high susceptibility 
but a low density contrast. In northwestern Fulton 
County a positive gravity anomaly correlates with a 
negative magnetic area, thereby marking a basement 
area where the rocks have a large density but low 
susceptibility contrast.

A broad belt of gravitational lows extends diagonally 
across the State and correlates in a general way with
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Magnetic contours

Contour enclosing area of 
lower magnetic intensity

From Indiana Geological Survey A 
Misc. Map 4,1953

Compiled by Judson Mead, M. E. Biggs, am 
P. G. Holloway, 1953
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FIGURE 9. Map of Indiana showing average magnetic intensity.

Contour interval 50 gammas
Relative to arbitrary datum
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Gravity contours

Gravity contour enclosing area 
of lower gravitational intensity

Gravity station

From Indiana Geological Survey 
Misc. Map 5, 1953

Field measurements by H. H. Sawyer and J. F. 
Whaley. Compiled by Judson Mead, M. E. 
Biggs, and J. F. Wruley, 1953

40 Miles

K *-^ E N

FIGURE 10. Map of Indiana showing gravitational Intensity.

Contour interval 5 milligals
Relative to arbitrary datum
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the Cincinnati and Kankakee arches. This fact is in 
terpreted to indicate a basement rock of relatively low 
density.

PRECAMBRIAN SURFACE MAP

The existence of a detailed and accurate magnetic 
survey of the State of Indiana has made it possible to 
prepare a hypothetical regional map of the buried Pre- 
cambrian crystalline surface (fig. 11). In addition to 
revealing the major structural features of the basement 
surface, the map supplies information on the total 
thickness of the overlying sediments and indicates areas 
where additional detailed geophysical surveys may pos 
sibly outline smaller sedimentary structures.

Although many hundreds of well holes have been 
drilled in the State, only five have reached the Pre- 
cambrian surface. All five are within a relatively small 
area in the central and eastern part of the State, in 
Howard, Alien, Jay, Henry, and Wayne Counties.

Theoretically a basement of uniform susceptibility 
with a topographic relief of several hundred feet at the 
depths anticipated in the State should yield magnetic 
anomalies of the order of tens of gammas. These 
anomalies would be so small in amplitude and so broad 
that they would be masked by the anomalies produced 
by lithologic variations within the crystalline rocks 
themselves and by the earth's regional gradient.

As an alternate approach, depth calculations were 
made interpreting individual anomalies. Only those of 
high amplitude and covering large areas were selected 
to insure that changes in rock type rather than base 
ment relief were primarily responsible for the mag 
netic anomaly. The effect of the normal gradient could 
be ignored, for the contribution to the field is small for 
relatively small areas. Once the individual depths were 
determined a generalized contour map representing the 
regional configuration of the basement surface could 
be drawn.

The method of depth interpretation used is identical 
to that presented and illustrated by Vacquier and others 
(1951, p. 9-41). It was assumed that the basement 
complex is not magnetically homogeneous but is divided 
into lithologic units of prescribed shapes. These are 
prisms with horizontal rectangular surfaces, having 
vertical sides and extending indefinitely downward. 
It was assumed, further, that the rocks are magnetized 
by induction in the earth's field and that this magneti 
zation is uniform and constant with depth. With these 
considerations the calculation of the magnetic field was 
made in this report for rectangular prisms of different 
horizontal dimensions and orientation and for different 
inclinations of the earth's field. The field was con 
toured on a map with a horizontal scale expressed in

terms of the depth to the top of the model. Second 
vertical derivative maps of the model fields were con 
structed to further assist in depth interpretations. 

According to Zietz and Henderson (1955, p. 308),
The depth interpretation procedure consists of computing a 

second derivative map of the observed field and comparing 
certain diagnostic features of the anomaly for both the ob 
served and second derivative maps with similar features of 
the corresponding model. When the magnetic fields are studied, 
the horizontal extent of the steepest slopes are compared. 
When analyzing the derivative anomalies one compares t^e 
horizontal distance between the maximum, minimum, and zero 
curvature contours.

For anomalies covering large areas, the zero curvature 
contour tends to outline the upper surface of the pris 
matic body. This fact is used to determine the prop?,r 
model selected for comparison.

In addition to the general methods described above, 
the following factors were considered in making depth 
estimates: The observed as well as the derivative 
anomalies selected for interpretation closely resemble 
the computed fields; the depth indices used were, whe^e 
possible, independent of the size of the model (this 
occurs when the anomalies are broad); because vertical 
sides produce sharper magnetic gradients than slopirg 
sides, the steepest slope of an observed field was in 
variably selected; whenever possible, the magnetic pro 
files chosen for analysis were the original traverses.

It has been shown (Henderson and Zietz, 1949, p. 
516) that the residual map is identical to the secori 
derivative map except for a multiplicative constart. 
Consequently the critical points, such as the maximum, 
zero, and minimum, appear on both type maps at 
exactly the same position. Because residual maps re 
quire less time for computations than derivatives maps 
and are equally usable, only the residual fields were 
computed for the anomalies from which the Indiara 
depth estimates were made.

To illustrate the procedure used in the depth de 
terminations, the Greentown anomaly (pi. 5A) in 
Howard County was among the ones selected for 
analysis. Several field profiles indicated that tH 
depth to the prismatic mass was about 1 mile. This 
established that the grid spacing to be used in calcu 
lating the residual map was 1 mile. The resulting 
contoured map is shown on plate 55. The location 
of the zero curvature contour suggested that a prism 
of strike N. 45° E. with dimensions 4(0.707) X8 (0.707) 
depth units be selected for comparison. Using the ap 
propriate model indices, depths obtained from tH 
analysis of the residual and field anomalies were 2,7CO 
feet and 2,950 feet, respectively, below sea level. These 
depths are in good agreement with the 3,064 feet to 
basement measured in the nearby well (fig. 11). On
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FIGURE 11. Theoretical contours on Precambrian basement surface of Indiana.
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the basement map the depths from residual and field 
analysis for the Greentown anomaly have been 
averaged and the result is 2,825 feet (rounded to 2,800 
feet). All data pertinent to the depth calculations are 
presented on plate 50. The magnetic-field profile, F, 
is shown on plate 5Z>.

Although numerous anomalies appear on the aero- 
magnetic map, only a few are suitable for interpreta 
tion. For an anomaly to be usable, the observed and 
resulting residual fields must resemble the correspond 
ing theoretical anomalies. Also, the observed anomaly 
must be magnetically "clean," in the sense that the effect 
from neighboring anomalies is negligibly small. As 
a consequence, only 79 anomalies were available for 
depth analyses. In general, the coverage for the State 
was good and fairly uniform. In some areas, however, 
particularly in the southwest part of the State, the 
number of usable anomalies were few. Because of in 
sufficient data, the construction of a detailed structural 
map was not justified. Instead regional contours were 
drawn permitting local errors of a few hundred feet in 
order to maintain smooth contours.

The resulting contoured map which represents the 
topography of the Precambrian surface is shown in 
figure 11. Included on the map and used in the con 
touring are both calculated depths and those based on 
drilling. The dashed lines have been extrapolated and 
consequently represent questionable contouring. Da 
tum is mean sea level and the contour interval is 500 
feet.

It is significant that many isolated, randomly located 
topographic features do not appear on the map. The 
smooth regional contours indicate consistency within 
the data themselves. Confirmation of the accuracy of 
the computational process is available for an area in 
the central and eastern part of the State. Here the 
comparison between the computed basement topography 
and the depths at the few drill holes that have pene 
trated to the basement indicates an average error of 
10 percent.

In general, the larger features of the computed Pre 
cambrian basement surface correlate with those of the 
generalized structural map on top of the Trenton (fig. 
7). The position of the Kankakee and Cincinnati 
arches and the gradual slope of the basement surface 
from these major ridges into the Illinois basin are con 
sistent with the structural pattern of the area. Depths 
range from 2,000 feet in the east to about 11,000 feet 
in the southwest corner of the State. This gradual gra 
dient is interrupted by a trough to the southwest with 
its axis approximately northeast to southwest and a 
low uplift of the basement rocks centering in Putnam 
County.

Quantitatively, the basement depths that were g^o- 
physically determined compare favorably at several lo 
cations with those based on geologic data alone. By 
extrapolation from neighboring drill holes it is esti 
mated that the depth to basement at the deepest part of 
the Illinois basin is about 12,600 feet at a point about 
10 miles west of the Posey-Gibson County line, (fig. 
11, point A). This is in good agreement with the depth 
determined from the aeromagnetic survey. The base 
ment depths at two other points in central Indiana were 
determined by adding the depth from sea level to the St. 
Peter sandstone (Ordovician) based on drilling (Am. 
Assoc. Petroleum Geologists, 1954), to the estimated 
thickness of pre-St. Peter rocks (Lower Ordovician and 
Cambrian) (Illinois Geol. Soc., 1951). The depths at 
these two points are in Fountain and Boone Counties 
(fig. 11, points B, and C). They are 5,400 and 3,000 
feet, respectively, in good agreement with the geophyri- 
cally determined depths of 4,700 and 3,500 feet.

In the northeast corner of the State, the basement re 
lief differs markedly from the structural relief on the 
Trenton surface. Contrary to the attitude of the as 
sumed Trenton surface which has a northeast dip, the 
calculated basement topography exhibits a large anti 
clinal ridge about 50 miles wide with its axis in a north 
west direction and a relief of more than 1,000 feet. The 
validity of the existence of the structures is strength 
ened by the number of calculated depths in the area. 
Additional corroborating evidence is obtained through 
a comparison of several geological and geophysical maps 
of the same area. This is illustrated by figure 12 where 
the gravity map (J.), an average magnetic map (B) 
the Trenton surface map (<7), and the Precambrian 
surface map (D) , are all presented. It is apparent that 
large gravity and magnetic anomalies occur at the same 
location. These suggest the probable existence of a 
large lithologic unit within the basement complex com 
posed of a more mafic and more dense rock than its 
environs.

There is good agreement between the structural high 
on the Precambrian surface and the larger gravity and 
magnetic anomalies, although the structural high is 
displaced slightly towards the north. This shift may 
be explained by assuming subsequent folding to have 
occurred along a zone of less competent rocks parallel 
to the rocks causing the magnetic and gravity anoma 
lies. If this ridge is a structural fold, then we would 
expect that the overlying sedimentary rocks are folded 
accordingly. Unfortunately, drilling and other geo 
logic information below the Trenton is meager. It is 
possible that some small manifestation of this structure 
might even exist in the Trenton. The existence of a 
Trenton structure in this area would be economically
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important because the accumulation of oil and gas from 
the nearby Cincinnati arch has been confined to the 
porous limestones of the Trenton.

It was hoped that additional geophysical evidence 
for the existence of the postulated structure could be 
obtained through the study of seismic reflections. Ac 
cording to Paul Lyons (1951), the reflection quality in 
northeastern Indiana ranges from "poor" to "no good," 
similar to the Michigan basin to the north. However, 
little seismic work has been done in this particular area 
in Indiana, most investigations having been carried on 
to the south and west. Because the standards of re 
flection quality for high frequency recording are not 
the same as those for conventional seismology, the for 
mer technique was tried experimentally in the area. In 

- August 1955, the U. S. Geological Survey, using a high- 
frequency high-resolving power instrument, ran some 
test profiles in Whitley County southwest of the struc 
tural high to determine whether reflections of usable 
quality could be obtained from the Precambrian or the 
overlying formations. Kichard E. Warrick of the U. S. 
Geological Survey was party chief for the fieldwork 
and analyzed the results.

Conventional field methods including inline, short 
offset geophone spreads, and single shots placed below 
the water table were found to yield encouraging results. 
Eleven-hundred-foot inline spreads with a 100- 
foot offset from the shot point and 100-foot spacing 
of the geophones were used in semicontinuous profiling, 
and a split-spread inline with 25-foot spacing and 100- 
foot offset was used in the correlation work.

Small single charges consisting of one-half pound 
of 50 percent ammonia dynamite were found sufficient 
for the reflection shots. Geophones used were of con 
ventional design. Usually a single geophone per trace 
was used; at some places, however, groups of 3 geo 
phones per trace, arranged inline and spaced from 5 
to 10 feet apart, improved the records slightly.

The seismic amplifiers used were the high frequency 
units described by Pakiser and others (1954). The 
amplifiers feature variable high-frequency filters, fast 
automatic-volume-control action, and variable presup- 
pression. An oscillograph equipped with high fre 
quency galvanometers and a high-speed paper transport 
system completed the recording equipment.

Where there was no vertical velocity control, the 
time from the shot instant to the reflection was cor 
rected for the low-velocity layer only. Care was taken 
to select relatively level sites so as not to introduce 
errors due to topography. The reflection times cor 
rected for the low-velocity layer were plotted on time 
cross sections.

Generally the quality of the reflections varied from
467952 68  3

fair to very poor so that the results cannot be con 
sidered conclusive. Profile A~A' (fig. 12Z?) consisted 
of a semicontinuous west-east line covering about 4,000 
feet. The plots of the reflections yielded results which 
may be summarized as follows:

1. Good agreement with the depths to bedrock under the 
glacial deposits as determined by the refraction method.

2. A reflection occurred at approximately the time corre 
sponding to the inferred depth of the Trenton limestone (fig. 
13).

3. Three reflections appeared to correlate at times greater 
than the Trenton (?) reflection; the latest of these three was 
at a time corresponding to the inferred depth of the Pre 
cambrian.

4. The three reflectors below the Trenton all exhibit a marked 
dip to the west.
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FIGDKB 13. Reflection time cross-section profile A '-A', northeastern 
Indiana. (See fig. 12D.)

The second profile used groups of geophones spaced 
at about 1-mile intervals in a northwesterly direction 
from the first line (fig. 12Z>). This group consisted of 
split spreads and was an attempt at correlation 
shooting. The correlation line seems to yield the pre- 
Trenton reflections dipping to the northwest, but st 
a lower dip angle than exhibited in the semicontinuous 
west-east profile. However, the correlation of high- 
frequency reflections at 1-mile intervals is uncertain, 
and it is possible that the interpreted dip is not real.

The westerly dip in the first profile and the apparen t 
northwesterly dip in the correlation records lend sup 
port to the existence of the postulated ridge in north 
eastern Indiana.

It is of interest to note that the reflection quality 
improved significantly as the filter frequencies were IE - 
creased above the conventional range. No difficult"
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was experienced in obtaining reflections through the 
entire sedimentary section of some 3,000 feet.

The geophysical evidence for a structure in north 
eastern Indiana is supported by the conclusions of 
geological workers in the area. G. V. Cohee (oral 
communication, 1955) stated that subsurface studies in 
the southern part of the Michigan basin (Cohee, 1948) 
suggested the probable existence of a northwest- 
trending anticlinal fold in northeastern Indiana. The 
basement ridge revealed by the aeromagnetic data is 
consistent with these interpretations of the subsurface 
geology of the area.

It is perhaps significant that the small gas-producing 
areas which are associated with minor structural fea 
tures in the Trenton occur along the flanks of the postu 
lated ridge (fig. 12611 ). This may be analogous to the 
association of gas and oil production with the Cincin 
nati arch to the south.

RELATION OF MAGNETIC PATTERN TO OIL AND GAS 
PRODUCTION IN INDIANA

Indiana's oil and gas have come mainly from two 
large districts. In the northeast district, now largely 
depleted, the fields are associated with the Cincinnati 
arch and production is from the Trenton limestone. In 
the southwest district, production is obtained chiefly 
from Lower Pemisylvaniaii and Upper Mississippian 
rocks where the controlling structures are commonly 
anticlines, monoclines, and terraces of limited extent, 
mild amplitude, and irregular distribution (Indiana Oil 
Scouts Assoc. 1936, p. 96).

A detailed study has been made in an effort to asso 
ciate the magnetic pattern shown on the 10-gamma 
Indiana county aeromagnetic maps with the location 
of oil and gas production in Indiana (Dawson and 
Lowrance, 1952). Only in Harrison County does a 
good correlation seem evident, but a general relation 
ship with the. larger magnetic features in the south 
west district is suggested.

In Harrison County the Laconia, New Middletown, 
and Corydon gas fields are found to be alined along a 
strong north-south positive magnetic trend (fig. 14). 
The New Boston and Rosewood gas fields lie athwart 
large negative closures along the Ohio River. Although 
it is felt that this coincidence of gas fields with strong 
magnetic expressions is significant, a completely satis 
factory explanation of the relationship is difficult. 
Harris and Esarey (1940, p. 30) have reported that this 
gas production is from the New Albany shale (Upper 
Devonian). Production is usually from minor noses 
and terraces on the general westward dip of the shale, 
but some gas has been obtained with little or no recog 
nizable structure. It is further stated by the same 
authors that the New Albany shale structures decrease

in magnitude with depth. These structures are recog 
nizable on the limestone of Devonian age but are only 
slightly expressed on the Trenton.

All the major magnetic expressions are assumed to 
originate from the crystalline basement rocks (p. 22) 
with uplift a negligible factor except in local areas 
among which the Harrison County arer, is not included. 
The most acceptable theory accounting for a correla 
tion between the minor structures in the New Albany 
shale and the magnetic pattern is that the reversals or 
interruptions in the normal clip perhaps related to 
zones of weakness associated with the emplacement of 
a large basement intrusive. We believe that the Har 
rison County magnetic high is but the northern part of 
a major tectonic element which extends a considerable 
distance south and east of the Ohio River into 
Kentucky.

When oil and gas field locations are transferred to 
the 10-gamma county aeromagnetic mr.ps in the south 
west district, a noteworthy feature becomes evident. 
This is the fact that there is a tendency for these fields 
to be found around the peripheries of magnetic closures 
rather than at or near their centers. Counties where 
this relation is particularly obvious include Knox and 
Daviess (figs. 15, 16). Minor exceptions are present; 
for example, the Washington field in Daviess County, 
which occupies the center of a magnetic low. Most of 
the numerous fields do apparently occur around the 
margins of magnetic closures, rather than in a random 
pattern which first inspection of the oil and gas maps 
might indicate. At present, no satisfactory explana 
tion is offered for this apparent relationship of the 
magnetic pattern to petroleum production in the south 
west district. In the absence of an understanding of 
the tentative correlation, direct use of the magnetic 
data in searching for new fields in this area may be 
open to question.

Production of oil and gas from the northeast district 
in Indiana is restricted to zones of favorable secondary 
porosity within the upper levels of the Trenton lime 
stone. The Cincinnati arch has apparently controlled 
regional migration and accumulation. Individual 
fields are found on local modifications of the main anti 
clinal structure (VerWiebe, 1952, p. 53). No inter- 
pretable correlation is evident between the magnetic 
contours and the location of petroleum production in 
this district except to the extent that anomaly char 
acteristics suggest a thinning of the sequence of sedi 
mentary rocks over the arch.

The theoretical basement map of Indiana (fig. 11) 
shows several areas of uplift which may exert control 
over oil and gas accumulation in the overlying sedi 
ments. Because of its relatively shallow burial and
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FIGUBE 14, Aerornagnetic map and gas fields, Harrison County, Ind.
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R. 6 W. GREENE COUNTY_._E;AW-
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FIQUEB 16. Aeromagnetic map and oil fields, Daviess County, Ind.
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ical Survey in cooperation with the Indiana Geological 
Survey are listed below.

comparative lack of exploration, the areas over and 
adjacent to the ridge in the northeast corner of the
State are particularly attractive. If future subsurface ~ 7 . . _ ,. _. -,,

. , . .. Geophysical Investigations Maps
exploration confirms the postulated uplift, new proeluc- ^ 1 ^ = about t ^ Contour ^^ w gammas Fourtem of these
tlOll O'f oil and gas may be expected. maps were published before numbering in the Geoptysical Investigations maps

	series was begun]

CONCLUSIONS AND RECOMMENDATIONS County No. Year
	Adams.....___.__   _.__.__._.   ..-.- GP 20 1950

The primary objectives sought in the aeromagnetic Alien________________________________ GP 21 1950
mapping of Indiana have been obtained to a large ex- Bartholomew_________________________ GP 82 1951
tent. New knowledge of the basement-rock configu- Benton____________-_-_______-_-____--- _______ 1949
ration and structures are at least implied by the Blackford... ___________________________ GP 52 1951

,, ^ , . T , L , rf,   i Boone______________________________ GP 35 1950
contours on the Frecambrian basement rocks. Inick- Brown_ _ GP 53 1951
ness of the sedimentary rocks throughout the State Carroll._______________________________ GP 22 1950
have been calculated at 79 discrete points and inter- Cass___-_________--_-______-__-__-_--_ __    _ 1950
polations made for the areas between points. Where Clark_________________________________ GP 54 1951
wells to or near basement provide checks, the calculated pi^3!' --------------------------------- ^p «6 ..Q-O

thicknesses are correct, on the average, to 10 percent. Crawford_~~_~___ __-"~~_~~ _ __ GP 55 1951
Major basement faulting and basic intrusives into the Daviess_____________________________ GP 7 1950
basement can be inferred from the magnetic maps, Dearborn._____________________________ GP 83 1951
but no evidence was found of faulting or igneous in- Decatur_______________________________ GP 56 1951

. , ,, ,. , T r-J3 ,. i . De Kalb-__-____-___---________________ GP 23 1950trusions into the sedimentary rocks. 1 he magnetic data Dela are ______ _ GP57 1951
provide subsurface information of present scientific in- Dubois_ ______________ _ ____ .___ GP 8 1950
terest and probably future economic value. Elkhart____---____--___-__________-_ _______ 1950

Among the areas of interest delineated bv the mag- Fayette_________  .   ._______._._._.. GP 84 1951
. ,, ,1 , P ,-> CIA* j.   Floyd-__-____---__--_-________________ GP 58 1951

netometer, the northeast corner of the State is con- jrountain ---------- ___ _ _ _ GP 104 1951
sidered paramount. The region of the postulated Franklin___________________________ GP 105 1951
basement ridge should receive detailed geophysical in- Fulton-_______________________________ _______ 1949
vestigation to confirm and delimit any actual uplift Gibson._______________________________ GP 37 1950
present. Additional aeromagnetic work in adjacent Grant.________________________________ GP 59 1951

-L £ TV/T- i   -»     1-1 -J   i *.     Greene__________   _______   _________ GP 106 1951
parts oi Michigan and Ohio would aid m determining Hamilton. ________ __ ____ ___ __ GP 60 1951
the extent of the trend. The calculated basement up- Hancock_____________________________ GP 61 1951
lift, centering in Putnam County, can probably be Harrison  ___________________________ GP 62 1951
checked with the seismograph, for the reflection quality Hendncks_____________________________ GP 38 1950
there is better than in the northeastern part of the enry---------------------------------

L Howard.--_-_-_______.._____-__________ GP 24 1950
ktate. Huntington.___________________._______ GP 25 1950

In Newton County a detailed ground magnetic Jackson,______________________________ GP 85 1951
survey should be made over the Kentland "cryptovol- Jasper ______________________________ _______ 1949

. ,,  -, . , » . ,, TIC- Jay_______________________________ GP 86 1951came" area. This type of survey might supply a defini- Jefferson ____________ GP 64 1951
tive answer to the type of structure present. Jenmngs____________ _ _ _ _ GP 65 1951

The Harrison County magnetic anomaly should be Johnson. ______________________________ GP 107 1951
outlined by expanded aeromagnetic coverage to the Knox 1 ._______________________________ GP 108 1951

, i .1   * TT * i A I--- -c Kosciusko______________________ GP 26 1950east and south into Kentucky. A complete picture or Laeran e _____ GP27 1950
this feature would aid in establishing its source and Lake________________ ______ __ _____ 1949
help in the problem of correlation of the related gas LaPorte.____________________________ _______ 1949
fields. Lawrence..._____________________ GP 66 1951

-P, ,, , -, j, ,, , ^ , ,. /. -i Madison_____________________________ GP 67 1951
Jburther study or the suggested correlation of oil Marion_ _ _ GP 109 1951

fields to the peripheries of magnetic anomalies in the Marshall__________________________ _____ 1950
southwest district of Indiana should confirm or dis- Martin.___________________________ GP 9 1950
prove the importance of the relationship. Miami  _______________________   __ GP 28 1950

	Monroe-__.________________________ GP 87 1951
INDIANA 10-GAMMA AEROMAGNETIC MAPS Montgomery.________   _______________ GP 39 1950

	Morgan.___________________________ GP 68 1951
The total-intensity aeromagnetic maps published as Newton_______________________ _______ 1949

Geophysical Investigations maps by the U. S. Geolog- i includes part of Lawrence County, m.
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Geophysical Investigations Maps  Continued Dawson, T. A., 1952, Map showing generalized structure of
County No. Year Trenton limestone in Indiana: Indiana Dept. Conse~v.,

Noble--. ._-_--_-_-__-__-___--_-_____.- GP 29 1950 Geol. Survey Misc. Map 3.
Ohio. _________________________________ GP 88 1951 Dawson, T. A., and Lowrance, M. A., 1952, Oil and gas feld
Orange________________________________ GP 69 1951 map of Indiana: Indiana Dept. Conserv., Geol. Surrey
Owen_.-._._   .__-__.   __---.-______-. GP 70 1951 Misc. Map 1A.
Parke_ ____-___--_-__-_________-______- GP 71 1951 Deel, S. A., and Howe, H. H., 1948, United States magnetic
Perry___ ______________________________ GP 40 1950 tables and magnetic charts for 1945: U. S. Coast and Geod.
Pike_--__--_____-____-_-______-_______ GP 10 1950 Survey Serial 667.
Porter________-______-___-________-_--_ GP 30 1950 Eardley, A. J., 1951, Structural geology of North America: New
Posey _ ________________________________ _______ 1949 York, Harper Bros., 624 p.
Pulaski___--_-__-_______-___-_________- _______ 1949 Ekblaw, G. E., 1938, Kankakee Arch in Illinois: Geol. Foe.
Putnam_ _ _____________________________ GP 41 1950 America Bull., v. 49, p. 1425-1450.
Randolph______________________________ GP 110 1951 Harris, J. R., and Esarey, R. E., 1940, The Devonian formations
Ripley _ ______________________________ GP 72 1951 of Indiana, Part II, Structural conditions: Indiana Dept.
Rush _ _______________________________ GP 89 1951 Conserv., Div. Geology, 32 p.
St. Joseph. ____________________________ _______ 1950 Henderson, R. G., and Zietz, Isidore, 1949, The computatior of
Scott__- _ ______________________________ GP 73 1951 second vertical derivatives of geomagnetic fields: Geophysics,
Shelby--_-___. __-__---_---__________-- GP 74 1951 v. 14, p. 508-516.
Spencer____-_--_-_________-____-_____-_ GP 11 1950 Illinois Geological Society and Cooperating Organizations, 1951,
Starke_ ______ __________________________ _______ 1949 Eastern Interior Basin: Am. Assoc. Petroleum Geologists
Steuben_______________________________ GP 31 1950 Bull., v. 35, p. 486-498.
Sullivan 2 _-__--_-____-__-_____-________ GP 111 1951 Indiana Geological Survey, 1953a, Map of Indiana showing aver-
Switzerland___ _________________________ GP 90 1951 age magnetic intensity: Indiana Dept. Conserv., Geol.
Tippecanoe__-_--______________________ GP 42 1950 Survey Misc. Map 4.
Tipton_ _______________________________ GP 75 1951      1953b, Map of Indiana showing gravitational intensity:
Union__________--__-_________-___-____ GP 112 1951 Indiana Dept. Conserv., Geol. Survey Misc. Map 5.
Vanderburgh_.__________-____________-_ GP 43 1950 T ... _ neyn
, r .,,. f^-r, . A men Indiana Oil Scouts Association, 1939, National Oil Scouts &ndVermillion____________________________- GP 44 1950 _ , , . ,, , ' , ,  ^ . , ,    
-r r . nT> 11Q inK1 Landsmen s Assoc., Yearbook 1940, Review of 1939, p. 98-
VlgO_____-_---_-----_---_-_-_-___--__- Lxr lid lyoi
Wabash______. ________________________ GP 32 1950 Ud '
Warren _ __ ______ __ _____ ___ __ _ GP 45 1950 Km§» Philip B., 1951, The tectonics of middle North America:
Warrick _____ _ _ _ _______ _ __ __ GP 12 1950 Princeton, N. J., Princeton Univ. Press, 203 p.
Washington___ _________________________ GP 76 1951 Kottlowski, F. E., and Patton, J. B., 1953, Precambrian ro^ks
Wayne______- -__--_-_---_---_-___-__-- GP 114 1951 encountered in test holes in Indiana: Indiana Acad. Foi.
Wells. _ ____ _ _______________________ GP 33 1950 Proc., v. 62, p. 235-243.
White_-_--------_-_--_------_--__----- _______ 1949 Logan, W. N., 1926, The geology of the deep wells in Indiana:
Whitley- _________   __________________ GP 34 1950 Indiana Dept. Conserv., Div. Geology Pub. 55.

2 includes part of Crawford County, in.      1931j The subsurface strata of Indiana: Indiana Dept.
	Conserv., Div. Geology Pub. 108.
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