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ABSTRACT

A GRAVITATIONAL INVESTIGATION OF FRACTURE

ZONES IN DEVONIAN ROCKS IN PORTIONS OF

ARENAC AND BAY COUNTIES, MICHIGAN

by John N. Roth

The gravity exploration method is capable of detecting

fracture zones buried at depths of 2800 feet, if the frac-

ture zone is of sufficient width and if there is a density

differential produced between the fracture zone and the

surrounding country rock of 0.10 gm/cc or greater.

Three known fracture zones occurring in the Rogers

City-Dundee interval of Devonian age, the North Adams,

Deep River and Pinconning, are studied by the gravity

method using graphical, statistical and analytical tech-

niques of interpretation. The characteristics of the

fracture zones and their associated anomalies are studied,

and the optimum methods of isolation are discussed.

Theoretical calculations indicate that the anomalies

associated with the fracture zones are positive and may

have a magnitude as great as 0.27 mgals. The source of

the fracture zone anomalies is lateral variations in the

density of the porous dolomitized fracture zone and the

surrounding tight limestone.



JOHN N. ROTH

The North Adams fracture zone has a positive anomaly

associated with it that has a mean amplitude of 0.15 mgals.

The Deep River and Pinconning fractures do not have anom—

alies correlative with them.

There are negative anomalies due to buried bedrock

valleys that are capable of masking the fracture zone

anomalies. In areas where the bedrock topography is

known, the effects of the bedrock valleys can be deter-

mined and eliminated from the interpretation. Theoretical

calculations using the configuration of the bedrock valleys

show that the valleys can produce gravity effects equal to

those observed.

There is no correlation, either positive or negative,

between the gravity maps and the Paleozoic structures,

that are present in the area.

Graphical and statistical methods isolate the anomalies

associated with the fracture zones.

A limited study of the application of upward continu—

ation, downward continuation, and second derivative methods

to isolating fracture zone anomalies indicates that these

techniques have no advantage over the statistical methods

in this investigation.
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CHAPTER I

INTRODUCTION

There are several fracture zones in the central area

of the Michigan Basin that are important petroleum reser-

voirs. It has been extremely difficult to locate these

zones of porous dolomite. The masking of the bedrock by

the glacial drift and the depths to the Devonian reservoir

rocks near the center of the Basin have been handicaps

to exploration. Since the late 1930's and early 19A0's,

when these zones were first being discovered, the only

successful method of locating them has been by wildcat

drilling.

To date, there has been no method described for

delineating these features by the gravity exploration

method. It is therefore the purpose of this study to

determine if known fracture zones give rise to gravity

anomalies, and if so, what are the optimum methods for

isolating the anomalies.

The area of investigation located in the southwest

portion of Arenac County and the northern portion of Bay

County, Michigan, has been penetrated by a large number

of wells. The majority of them are located in the

l



northern half of the study area (Arenac County). The geology

is known quite well and is used with the

at an overall geological and geophysical

the area.

The southern half of the area (Bay

small number of drilled wells. They are

geophysics to arrive

interpretation of

County) has only a

concentrated in

two fields, the Mt. Forest and Pinconning. There are also

a few scattered test wells in the area. Due to lack of

geological control, this area is interpreted with the

methods found best for interpreting the northern half of

the study area.



CHAPTER II

GEOGRAPHY OF THE AREA

The area under investigation, shown by the diagonal

parallel lines in Figure 1, is located in Arenac and Bay

counties, Michigan. Townships 16 and 17 north, Range 4

east comprise the majority of the area in Bay County.

Parts of Townships l5, 16, 17, and 18 north, Range 3 east

and Township 15 north, Range 4 east are also included.

This portion of the study area is referred to as the

Pinconning area or the southern. half of the study area.

In Arenac County, Townships l8 and 19 north, Range

3 east, cover most of the area. Parts of Townships 18 and

19 north, Range 5 east, and three sections in Township

20 north, Range 4 east, make up the remainder of the study

area in Arenac County. This area is referred as the Deep

River or northern half of the study area.

The area as a whole is a flat glacial lake bed. The

area slopes in a southeast direction toward Saginaw Bay,

and Lake Huron. The only relief encountered is that of

the major river beds in the area. They are the Rifle

River and three branches of the Pine River in the northern

half of the study area, and the Pinconning and Kawkawlin

Rivers in the southern half of the study area.

3



  

 

\

\

V

l.

/

 

 

   

 

 

 

 

 

\
/

/

\
/

/
/

1

m
/

r
/

m
/

/
/
/
.

/
/

/
A
.
U
I
I
y
—

/
\
I

_

I
L

‘
/

“A

W
/
/

.
J

.fi
if

7
/

,
a

 
 

 
 

r
¢
V
V
é
W
V
/
A

/
_

l
l

L
.

L
l
l
z

7
e

I...
4

T
O
W
N
S
H
I
P

INVESTIGATIONAREA OF

FIGURE I

 
 



 
[
I
t
‘
l
l

I
I
I
‘
[

I
I
I
L
I
I



L
I
I

Geographically the area lies wholly within a physio-

graphic subdivision known as the Saginaw Lowland (Newcombe,

1933).

Of major interest to the investigation are the known

oil fields in the area. Their names and locations are

shown in Figure 2. The largest is the Deep River Field.

It is located in the northern half of Township 19 north,

Range A east, and extends for 5 1/A miles in a northwest

direction. It is about 1 1/A miles northeast of the town

of Sterling and approximately 30 miles north of Bay City,

Michigan. The North and South Adams Fields are located

in Township 19 north, Range 3 east. The North Adams Field

trends northeast for three miles, approximately at right

angles to the Deep River Field. The South Adams Field is

approximately one mile east of the southern end of the

North Adams field. One mile south of the South Adams field

is the Adams Detroit River Field.

Another field of importance in the northern half of

the study area is the Sterling Field. It is located one

half mile south of the Deep River Field and produces from

the same structure.

There are two fields of importance in the Pinconning

portion of the study area. These are the Pinconning and

Mt. Forest Fields. The Pinconning Field is located in the

southeast quarter of Township 17 north, Range A east. It

extends about two miles in a northeast direction and is
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only 1000 feet wide at its broadest point. The Mt. Forest

Field is located on the border line of Township 17 north,

Range 3 and A east.

There are also four producing wells located halfway

between the Pinconning and Mt. Forest fields. The production

is in section 29 of Township 17 north, Range A east. It is

named the Lucht Field and is of minor importance, therefore,

it is not shown in Figure 2.



CHAPTER III

GEOLOGY OF THE AREA

Stratigraphy of the Area
 

The area under investigation is covered with glacial

drift ranging in thickness from 20 to nearly 300 feet in

some areas. The drift consists essentially of glacial—

1ake clays and some sand beds.

The Saginaw Formation lies directly below the glacial

drift in all of the southern portion of the survey area.

The Saginaw Formation of early (Pottsville) Pennsylvanian

age consists mostly of clastic sediments. In the northern

portion of the area, the Parma Sandstone, Michigan Formation,

or the Bayport Limestone may be encountered just below the

drift.

The Parma Sandstone is white and clean and lies un—

conformably over the brown Bayport Limestone. A gray shale

called the Michigan Formation lies below the Bayport. The

Michigan also contains some dolomite, limestone, gypsum and

sandstone. The Marshall Sandstone and its member, the

Napoleon Sandstone, lies unconformably below the Michigan

Formation. It is a white to gray sandstone, and is cal-

careous in its lower part.



Below the Marshall is the Goldwater Shale of early

_Mississippian age. It also contains beds of dolomite,

siltstone and sandstone.

The Sunbury Shale which is thin and black lies below

the Coldwater. The Sunbury is of questionable age, being

assigned either to the Mississippian or Devonian systems.

It averages only 25 feet in thickness and is similar to

the earlier Antrim Shale except that it is more carbon—

aceous. It produces gas at one locality in the Deep River

area. In Michigan, the Berea is assigned to either the

Mississippian or Devonian systems. In other areas it is

assigned to the Mississippian system. The bedford Shale

lies below the Berea and is of late Devonian age. The

Antrim Shale of late Devonian time (Chautauquan series),

lies below the Bedford and is similar in nature.

Beneath the Antrim lies the thick Traverse group,

primarily middle Devonian in age. Its formations are

generally undivided in the subsurface. They are mainly

gray shaley limestones and shales.--The lowest formation

in the Traverse is the Bell Shale. It varies in thickness

and has led some geologists to believe it rests unconform—

ably above the Rogers City-Dundee interval. It is a soft

fossiliferous gray shale, usually thin (not thicker than

80 feet), and makes a good marker bed.

The Rogers City-Dundee interval is an important

target depth for oil in Michigan. Eighty-four per cent



of Michigan's oil up to 19A5 had been produced from these

formations. The Rogers City—Dundee interval is the major

oil producing zone of all the large fields in the survey

area. It is primarily a limestone, but locally it has

been altered to a dolomite. The producing zone TE usually

within the top 10—15 feet of the interval. The interval

is described as one unit on most well logs of the area,

and is usually referred to as the Dundee, but the units

have been described separately by Ehlers (1938).

The Rogers City Formation varies from 75 to 100 feet

in thickness in the Pinconning Field and from 100 to 125

feet in the Deep River Field. The Rogers City has its

thickest point in the entire state in Arenac County. It

is predominately a brownish limestone in the eastern part

of the state, but locally has been altered to dolomite in

the Deep River, North Adams, and Pinconning Fields.

The Dundee below the Rogers City is productive in

many parts of the state, but in the study area production

is mostly from the Rogers City. It varies in thickness

from about 250—350 feet and also has its thickest point

in Arenac County. It is a massive buff to light brown

limestone, with areas of dolomitic limestone, and dolomite.

A few wells in the area have penetrated the entire

thickness of the Rogers City-Dundee interval to the Detroit

River which lies conformably below. It consists of alter-

nating beds of dolomite, limestone, sandstone, salt, and



gypsum. It is not of importance in this study, so it will

not be discussed in detail.

Figure 3 is a stratigraphic chart showing the various

above mentioned rock units, their relative positions and

ages.

Regional Geology
 

The area.under investigation lies just north and east

of the center of the roughly circular Michigan structural

basin. The Basin includes the Southern Peninsula of

Michigan and extends outward into the surrounding states

and Canada. Outcrops of Precambrian rocks limit the Basin

to the north. The limiting features on the south are the

Findlay and Kankakee Arches of northwestern Ohio and

northern Indiana, respectively. To the east, the limiting

feature is the Algonquin axis running northeast through

Ontario. The bordering feature to the west is the Wisconsin

Arch in central Wisconsin.

The Winconsin Arch was present in Precambrian time,

and the north and northeast boundaries also were fixed by

the beginning of Cambrian time (Ver Wiebe, 1952). The

Michigan Basin was probably part of a larger basin in

Cambrian time, one that had its greatest development in

Illinois. The evidence for this is the thinning of the

Cambrian rocks in the Michigan Basin to the north. The

eastern border of the Basin is suggested by the thinning of

beds on the Ontario arch (Ver Wiebe, 1952).
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Most likely, the Kankakee and Findlay Arches were

developed in Ordovician time. These changes in

structural character are inferred by the great unconformity

between the Ordovician-Black River rocks and the under—

lying strata, and the slight thinning of these rocks over

the Kankakee Arch suggests its development at this time

(Ver Wiebe, 1952).

The thickening of the above mentioned sediments

toward the center of the Basin, suggests that it was sub—

siding then. Subsidence continued in early and middle

Silurian time, but the Basin appears to have tilted as

well. This is evidenced by the Cataract and Niagara

rocks thickening to the north (Ver Wiebe, 1952).

There was rapid subsidence in late Silurian time as

suggested by the thick Salina group. The Salina has a

great amount of salt within it, indicating an arid climate.

Subsidence continued through Devonian time but the

center of the basin shifted some 50 miles eastward. To—

gether, the Silurian and Devonian periods account for the

majority of subsidence in the Michigan Basin, amounting

to more than 7000 feet. Rocks of Silurian age crop out

along the northern edges of the Findlay and Kankakee

Arches. Rocks of Ordovician age crop out to She west and

northwest through Wisconsin and the Northern Peninsula of

Michigan. In southwest Ontario, rocks of Devonian age

are at the surface. Further northeast along the Algonquin

axis rocks of Ordovician and Silurian age are exposed.



As one travels from the outcrop areas around the margin

of the Basin, the beds occur in rings and become progres—i

sively younger toward the center of the Basin, where rocks

of Pennsylvanian age generally are beneath the glacial

drift.

Within the Basin itself, definite structural trends

are noted. The dominant trend near the center of the

Basin is northwest-Southeast, as exhibited by the largest

structure in the Basin, the Howell Anticline. Figure A

is a map of the bedrock geology of the study area. In the

northern portion of the area, northwest—southeast trends

are also noted. Around the margins of the basin, other

trends are noted.

In the southwestern portion of the Basin, there

appears to be no dominant structural trend. According to

Ver Wiebe, this portion of the Basin shows many local

depressions, which he attributes to a collapse phenomena

due to leaching of the salt of the Salina group. His

evidence for this is the abnormal rapid thinning of salt

in that part of the Basin.

Local Structure and Geology
 

Figure A shows a northwest—southeast trending anti-

cline in the center of the northern half of the area. The

older Michigan formation surrounded by the younger Pennsyl—

vanian Parma Sandstone of the Saginaw group indicate its

presence at the bedrock surface. This is a reflection
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of the deeper feature responsible for some of the oil

accumulation in that area.

At the very top of the figure, another similar

feature can be seen. It is a more pronounced feature

as shown by the older Mississippian Goldwater Shale

cropping out in the northern half of Township 20 north,

Range A east.

An interesting fact, although not pertinent to

this study, is the fact that Figure A is part of a bed—

rock geology map published in 1936. The fields on the

southern most of the two trends were not discovered

until after 1936,

Figure 5 is a structure contour map on the base of

the Traverse group, covering the Deep River area in

Arenac County. Again local northwest-southeast struc—

tural trends are noted. The Deep River Anticline,

covering most of the northwest quarter and central portion

of Township 19 north, Range A east, is the largest feature

in the area. Although the closure on a major anticline in

the central area of the Michigan Basin, such as this one,

is often greater than 100 feet, oil production is generally

obtained from the upper A0 to 60 feet. In fields where

porosity is due to dolomitization, production may be found

on the flanks of the structure and not on the crest. The

Deep River Field actually was found after the development

of the Deep River gas field had determined the presence of
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an anticline (Landes, 1956). The discovery well was the

Werblo well in the south 1/2 of the NW l/A, NW l/A of

section 1. The well was drilled off the dome and some

50 feet structurally lower. Its total depth is 28A6 feet,

penetrating 8 feet of the Rogers City Dolomite. Had the

operator not drilled some 1200 feet below the base of the

Berea gas zone, the field might not have been discovered.

The Deep River oil Field is parallel to the regional

trends of the area, but its production is due to a fracture

zone with porosity due to dolomitization.

The North and South Adams Fields are located on a

northwest—southeast trending nose. The North Adams Field

also is due to porosity by dolomitization. The South

Adams Field is structurally high on the nose.

The Adams Detroit River Field is located on a small

anticline in the extreme southeast portion of Township

19 north, Range 3 east.

A small field, the Standish, located at the south—

west corner of the City of Standish is also on a north-

west—southeast trending structural high. The closure here

is not nearly as great as that of the Deep River Anticline.

This may account for the lower amount of production of oil.

In the extreme southwest corner of Figure 5, three

wells have been drilled and are producing. No name has

been given to this field as far as the writer knows. It

again, is situated on a structure conforming to the

regional trend.



Figure 6 is a structure contour map on the base of

the Traverse group. The contour interval is 10 feet. The

map covers the southern half of the study area or the

Pinconning area. The same structural trends are noted

again. The Mt. Forest Field is located on a northwest—

southeast trending high running through the southern half

of Township 17 north, Range A east.

The small field located in section 29 also is on a

northwest-southeast trending high. It is paralleled in

sections 27 and 28 by a similarly aligned trough. A

saddle separates this small field from the Mt. Forest Field.

The Pinconning Field located in the extreme southeast

portion of Township 17 north, Range A east, cuts perpendicu—

larly across the trends of the area. A fault shown in the

southern end of the field may well run the entire length,

but is not shown due to lack of control.

A large structural trough shown by dashed contour

lines is located in the northwest corner of Township 16

north, Range A east. The contours are dashed in this

area due to the sparseness of wells.

The extreme southern portion of the map shows the

start of another northwest-southeast trending high. If

this map were continued a few miles south, it would

include, on this high, the large Kawkawlin oil field.
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Porosity by Dolomitization
 

Oil has accumulated in the Deep River, North Adams

and Pinconning Fields in dolomitized fracture zones,

where the porosity is much greater than the surrounding

tight limestones. It is thought that these fracture

zones have allowed circulating ground waters, rich in

magnesia, derived from older primary dolomites, to

ascend to the surface. Through a process of solution and

precipatation, the dolomite was deposited. Landes (19A6)

states that solution and precipitation usually occur at

the same rate, but if the waters were moving fairly

rapidly, solution may exceed precipitation. He feels

that the waters were part of an artesian system, there—

fore, assumed to be moving fairly rapidly.

Landes (1958) states that the dolomitization

porosity may be younger than the immediately overlying

rock. His evidence for this is the greater width of

pOrosity near the top of the producing zone. This is

due to the Bell Shale acting as a partial dam,

restricting the vertically ascending waters. In this

case the water would move laterally at the contact of

the producing zone and the Bell shale, thus producing a

wider zone of porosity.

An alternative thebry, also by Landes, is that

dolomitization occurred prior to the Bell Shale sedimenta—

tion.' The greater width of dolomite at the top of the



.....

producing Rogers City formation is due to the greater

development of weathering porosity, on either side of the

major fracture, at that level.

No well in any of the three fields was even drilled

completely through the fracture zone. This tends to dis-

agree with Landes' wider zone of porosity at the top of

the formation, but supports the fact that the fractures

are nearly vertical. Since no well has ever penetrated

the fracture zone, the depth to its bottom can only be

estimated.

Relation to Fracture Zones to

Regional Geology

 

 

The structural trends and fractures in the study

area have been explained, in terms of the regional geology,

by several different theories.

Lockett (19A7) states that during the Paleozoic era,

three sides of the Michigan structural basin remained more

or less stationary while the southeast end continued to

subside in the Chatham Sag area. He further states, that

under these conditions, a system of fractures or lines of

weakness developed in the basal complex, radiating from

the unsupported end. These fractures trending northwest-

southeast have thus developed from simple subsidence.

Pirtle (1932) states that there is some indication

of cross folding near the center of the basin. The forces

that caused these folds, perpendicular to the general



structural trend, were less intense. This may account

for the fact that the northeast—southwest trending North

Adams and Pinconning fractures are less developed than

the Deep River fracture zone.

Pirtle attributes the major trends to regional

diastrophism which was active during several periods

but was probably most intense during the Mississippian

period.

Lockett states that it seems highly improbable

that deformational stresses could have been transmitted

through the basin even if it had been appreciably com-

pressed. Orogenic forces imply mountain building

activity. He further states, "anticlinal folds with

relief of approximately 1000 feet, such as the Howell

Anticline, when considered in their true relation to the

extent of the basin seem hardly of sufficient proportion

to warrant the assumption of crumpling orogenic forces

to account for their formation.”



CHAPTER IV

REDUCTION OF DATA

Introduction
 

Observed gravity values must be corrected for the

effect of station elevation, latitude, and terrain,

before they are useful in geophysical studies. These

corrections are applied to each station and the resulting

value is called the Bouguer gravity anomaly.

The complete Bouguer gravity anomaly was calculated

on a digital computer aCCOrding to the following formula:

Gbga = go - gl + ge - gm + gt

where

Gbga = complete Bouguer gravity anomaly

gO = observed gravity

g1 : latitude correction

ge = free-air correction

gm = mass correction

gt = terrain correction

Observed Gravity
 

The observed gravity values were measured by a con-

tract geophysical crew and made available for this study.

Briefly, the observed gravity is calculated as follows:

2A



The meter readings collected in the field are corrected

for time variations or drift, and the values are multi-

plied by the calibration constant of the meter. The

amount of drift is determined from graphs of base-

check readings.

Latitude Correction
 

The latitude correction takes into account the

increase in gravity from the equator to the poles. In

this case latitude corrections were made from latitude

A3°A0', which was arbitrarily selected as the base lati—

tude. Latitude corrections are made from the base

latitude by multiplying the distance of each station from

this latitude by a constant, K. Nettleton (l9A0)

determined K to be 1.307 sin 29 mgal per mile, where 0

is the mean latitude of the survey. In this study the

mean latitude is A3°50', and K was determined to be

0.0002A7A mgals per foot.

Free—Air Correction
 

The free-air correction takes into account the

decrease in gravity with an increase in elevation. This

correction was calculated by multiplying the vertical

gradient of gravity, 0.09A06 mgals per foot, by the

elevation differential between the gravity station and

the datum.
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Mass Correction
 

The mass correction takes into account the increase

in gravity due to the attraction of material between the

datum and the individual stations. The formula to deter—

mine the mass correction is 0.01276ph mgals per foot,

where p = density (2.1 gm/cc), and h = the elevation

difference between individual stations and the datum.

The datum to which the gravity values were reduced is

650.0 feet, approximately the mean elevation of the

survey area.

The determination of the correct density of the

near surface material is extremely important. In this

area a density of 2.1 gm/cc was employed. This value

was determined by using the Nettleton density profile

method. Klasner (196A) determined a density of 2.15

gm/cc for the near surface material in southwestern

Michigan, and Servos (1965) determined a density of 2.1

gm/cc for material near the surface in southeastern

Michigan.

Terrain Correction
 

The relief in the area was low enough so that no

terrain corrections were needed. Where local variations,

such as stream beds were encountered, the stations were

placed far enough away so that the effect of the feature

was negligible upon the gravity reading.



CHAPTER V

ACCURACY OF BOUGUER REDUCTIONS

There are several factors that cause error in the

computed Bouguer gravity anomaly. These are:

1. Errors in observed gravity

2. Errors in elevation

3. Errors in latitude

A. Errors in the assumed density of near surface

material

An estimate of the accuracy of the gravimeter readings

and drift control can be obtained by re-observing previ—

ously occupied stations. The standard deviation for these

repeated gravity observations is 0.0A mgals.

Errors in station elevation can cause considerable

error in the Bouguer gravity anomaly. Errors can be

determined by closing survey elevation loops. The allow—

able error of closure in this case was 0.5 feet. By

combining the free-air and mass effects, an error of

0.03A mgals would occur for a station 0.5 feet in error

at a density of 2.1 gm/cc.

Errors in the latitude correction depend on the

accuracy of the latitude measurements. Latitude

cOrrections were made to an accuracy of 200 feet or

better on the base maps used in this study. An error in

27
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latitude of 200 feet would result in an error of 0.0A9

mgals. at 0.0002A7A mgals per foot.

An incorrectly chosen density value of 0.1 gm/cc

with a change in elevation between two stations of 20

feet will cause an error of 0.025 mgal. The formula for

calculating this error is:

Error = 0.00128ph

where

0.00128 = magnitude of error in mgals per foot

for each 0.1 gm/cc error in density

p = error in density in units of 0.1 gm./c.c.

h = maximum relief in feet

In areas of no relief an error in choosing the density

would result in a constant error for each station and

would not affect the results of the survey.

A combination of possible errors in observed gravity,

elevation, mass, and latitude corrections could result in

a maximum error of 0.15 mgals. It is however, unlikely

that the signs of each possible error would coincide at

any station.



CHAPTER VI

REGIONAL GRAVITY ANOMALY

The Bouguer gravity anomaly maps shown in Figures 7

and 8 show the results of combining the previously

mentioned data reductions to each gravity station. The

two maps show-a decrease in regional gravity from 78.50:

mgals. in the south to 66.50 mgals. in the north. The

northern portion of-Figure 8 and the southern portion of

Figure 7 show the gravity decreasing in a regular manner.

Two large anomalous areas that interrupt the regional

picture are readily apparent. One is the complex gravity

in the northwest portion of Figure 7, and the other area

occupies the southern portion of Figure 8. I

These maps show excellent agreement with Figure 9,

the regional gravity map of Michigan (Hinze, 1963). The

area lies partially on the southeast flank of a regional

gravity minimum that has a closure of 6 mgals. The

southern portion of the study area lies in an area of

slightly complicated regional gravity.

Besides the two large anomalous areas, there are

several other smaller anomalous areas that can be seen

in Figures 7 and 8.
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The Bouguer gravity anomaly values of Figures 7 and 8

differ from the magnitude of those shown in Figure 9. This

is due to the fact that the two surveys were not corrected

to the same datum.



CHAPTER VII

INTERPRETATIONAL METHODS

Introduction
 

The gravity exploration method has been used for a

number of years, but the confidence placed in it has been

limited. The lack of confidence is due mostly to an

inherent problem in gravity interpretation, that of

ambiguity of results. I

Skeels (1950) has shown that any gravity anomaly

produced by one mass can be reproduced by another mass

at a shallower depth. Studies in the last decade have

helped to defeat this problem by defining the various

types of anomalies produced by different features in many

geological situations.

Digital computers have been a great help in advancing

the status of the gravity exploration method. They now

allow many new and older techniques to be used that were

once impractical due to the involved mathematics and time

consuming arithmetic.

In this study, analytical and statistical methods of

interpretation were used much more than graphical methods.

Graphical methods were used only to serve as a check of the

statistical methods.

3A



Cross—Profiles Graphical Technique
 

The cross—profile method fOr the approximation of the

regional gravity is a graphical method and is subject to

personal bias. _This method consists of drawing a smooth

curve of the estimated regional gravity gradient along

the profile. Sets of profiles are constructed perpendicu-

lar to each other. Where one profile crosses another the

value of the regional must be the same on each of the

perpendicular profiles. Thus, the procedure is to adjust

the rbgional by trial and error until a suitable fit is ob-

tained. The residual gravity values are obtained by

subtracting the regional gravity from the value of the

Bouguer gravity anomaly at each intersection of the profiles.

This method has the advantage of being a simple way

to determine the residual gravity and it permits any

knowledge of the area to be used. 'The method is limited

if the residual anomalies are low in magnitude of if the

regional gradients are complex.

Three Dimensional Least Squares

Statistical Analysis

 

 

The least squares method consists of fitting a

polynomial equation to a three dimensional surface. In

this case the surface consists of X, Y coordinate points

and a gravity value at each point giving the third

dimension in the Z direction. The polynomial equation is

fitted to the surface to a degree where the regional
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gravity is adequately defined. In general, the higher

the degree of the equation, the better the three dimensional

surface is defined. A high degree equation may fit the

surface so well that there is no residual anomaly left,

while on the other hand, a low degree equation may not

adequately define the regional gravity. It is possible

that the regional gravity of an area may be so complex

that a polynomial equation cannot accurately define it.

If this should happen, the least squares method would not

be valid.

The principle of the least squares method states

that the coefficients of the polynomial equation must be

such as to make the sum of the errors a minimum, where

the error in this case is the residual gravity or that

portion of the surface not fitted by the equation.

The basic polynomial equation used is:

.... p q
OIOO + leX + leY + +dqu YA¢ Regional =

where

a's = the coefficients of the equation.

The expression can be solved easily by matrices on

a digital computer and the resulting gravity value is

subtracted from the Bouguer gravity anomaly to give the

residual gravity at any point.
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Analytical Techniques
 

Often it is desireable to study the original gravi-

tational field on some plane other than the true plane of

observation. The upward continuation method moves the

original observation plane farther above the source of

the anomalies. Small sharp gradient anomalies that

originate near the surface, due to features such as bed-

rock valleys, may be eliminated while broad lower gradient

anomalies due to deeper features are retained. The down-

ward continuation method allows the plane of observation

to be brought closer to the source of the anomalies, thus

both enhancement and resolution of the anomalies are

increased.

Henderson (1960) developed a practical method of

approximation for evaluating both the upward and downward

continuation equations. This method is outlined in the

following paragraphs.

Basically, the problem is to compute the gravity value

A¢ (X, Y, Z) above and below the plane of observation. The

origin of the right-handed system of coordinates is taken

at a point where the field is to be computed, with the Z

axis positive vertically downward.

The integral solving the Dirichlet problem for a

plane in polar co-ordinates is:



«*m

méA§(r) rdr

A¢ (‘ma) = 2 2)3/2
o '(r +m2q

m 5 l, 2, 3, . . . ., n

(the upward continuation integral)

where (a) is the interval between points, m equals the

number of units above the original surface in multiples

of (a), and where

2n.

— - l.
M - 2“ {CM (r,e) de (2)

is the average value of A¢ on circles of radius r about the

point. Experimentally it was found that radii of r = O, a,

a/5, a/—, a/8, a/l—, a5, a/gd, a/l38, a/§7_, and a25 ade-

quately sample the field. The number of mesh points

falling on these radii is respectively 1, 4, u, 8, u, 8,

l2, l2, 8, 8, and 12. Next a Lagrange interpolation

polynomial is fitted to A¢ (O) and the n values A¢ (-ma)

computed from (1) to obtain the approximation formula

A¢(z) = § ('§)m Z<Z+a)*LZ+2a) "" (z+ma). A¢(-ma) . <3)
m=o a (z+ma) (n—m)!m!

Satisfactory results are obtained from (3) if n i 5. The

mesh interval, a, depends on the data, i.e., the spacing

of stations, lateral extent and sharpness of anomalies,

etc.
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The accuracy of (3) depends on the accuracy of

A¢(-ma) as computed from (1). A numerical integration

using a mean value theorem over each integral

r r ; ri+l is carried out. The integral (1) is

I
I
A

i

replaced by the sum

i+l

~ n-l -l _

A¢(-ma) ” g [Eri+l - r1) A¢(r)dg] ma

= o '

r1

-l/2 -l/2

- [Ei + (ma){] — [Ei+l +(ma)€] [+O(%N)] (4)

When (a) is set equal to unity, and (4) is evaluated for

m = l, 2, 3, 4, and 5, the five sets of coefficients

adopted to upward continuation are obtained. The working

formula is expressed as

A¢(-m) 2 -Z A? (ri) k (r1, m) (5)

i=0

where k(r m) is the set of coefficients which operate oni’

the center value, and the ten ring average values A$(ri)

in the computation of A¢ at m grid units above the original

plane of observation.

For downward continuation Z is set equal to (a) in

equation (3). By successively putting Z = 2a, 3a, Na,

and 5a, formulas are obtained for calculating the gravity

on any of the levels below Z = 0, using the same ten ring

averages A$(ri). The working equation for downward continu-

ation is:
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10

A¢<k> : 1:0 A$(ri) D<ri, k)

where D(ri, k) is the set of coefficients for computing

Ao, k mesh intervals below the original plane of observa-

tion.

Second Derivative
 

The second derivative method is also an important

tool in gravity interpretations. This method of analysis

tends to emphasize the smaller, shallower geologic features

at the expense of larger, deeper features.

Henderson's(1960) method of second derivative analysis

was used in this study.

The derivative formulas are obtained from equation

(3) by differentiation, when it is placed in the following

equivalent form:

0 l -z/a (z/n)2....(-z/a)n

A¢(O) l 0 O ...... O

A¢ (Z): -|Vl-l A¢(a) l l l ...... l

A¢(-2a) 1 2 2 ...... 2n (3a)

A¢(—na) l n n2 ...... nn  
where IVI is the Vandermode determinant obtained by deleting

the first two rows and columns of (3a).

Putting n = 5, equation (3a) is differentiated with

respect to z and the first derivative equation is obtained.



 

  

m :r

A (U A (U

CU \ CU \

\ N \ N

O O H N v N v

| v m v m

N I :I' I

33:) = -(a|VI)-l A¢(O) 1 0 o o o 0

AM-a) 1 1 1 1 1

A¢(—2a) 1 2 2 23 2L4 25

A¢<-3a) 1 3 32 33 3” 35 (7)

A¢(-ua) 1 u 42 43 u” u5

+A¢(-5a) 1 5 52 53 5Ll 55

If in (7), z is set equal to zero, the equation for calcu-

lating the first vertical derivative on the plane of obser-

vation is

 

§i%§%] 2 i (1 + § + § + f + § )A¢(O)

z=0

+ l g L‘l)m 5! . M(-ma)

a = 2

m l m (m-l)!(5-m)!

To obtain sets of coefficients for computing [8(A¢)/azflz=k

using the ten ring averages A$(ri), (a) is set at unity,

and (5) is put into (7). The working equation is:

10

[%%%£%] 2 1:0 Mb—(I’1) D '(ri’ k)

z=k

where D' (ri, k) are the derivative coefficients appropriate

for k mesh intervals below the plane of observation.
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The second vertical derivative formula can be obtained

by differentiating (7) with respect to z. The resulting

working equation is:

aZgAg) : i0 _

az2 A¢ (r.) D" (r k)

z: =k i

where D" (r , k) are the second derivative coefficients
1

appropriate for k mesh intervals below the plane.

Theoretical Gravity Formula

Many geological structures are approximately linear,

and the problems connected with them can be solved with

two dimensional forms of analysis. The right angle.cross

section of any two dimensional body can be closely approxi-

mated by a polygon, by making the number of sides of this

polygon sufficiently large.

The vertical component of gravity due to the polygon

can be calculated at any point. This can be done regard-

less of the size or position of the body. The accuracy

' depends on how closely the polygon fits the given body.

The computations involved in solving for the vertical

component of gravity are tedious and lengthy, but are.

easily programmed for solution by the digital computer.

The following mathematical treatment is after Talwani (1959).

The basic mathematical computations are given below.

Given an n sided polygon ABCDEF, Figure 10,



1+'3

 

 

C(X1+1’Z1+1‘

 
.E    

Figure 10

Elements for Talwani's 2D COmputations

let P be a point where the gravitational attraction is

to be calculated. The point P lies on the X2 plane as

does the polygon. Z is defined as positive downwards

and 6 is measured from the positive X-axis downwards

towards the positive Z-axis.

The vertical component of gravity at the origin P

has been shown by Hubbert (1948) to equal

2Gp§zd6,

where G is the gravitational constant and p is the density

differential, with the line integral being taken around

the periphery of the polygon. The above integral is then

evaluated for the given polygon. The contribution of any

side of the polygon, for example, side BC, is first computed.



m

The side BC is projected up to meet the X-axis at Q at an

angle of 91.

Let PQ = a , then

i Z = X tan a (8)

for any point R on BC and

Z = (X - a1) tan Di (9)

From (8) and (9)

a tan 6 tan Q1
_ 1

_ tan.Q - tan 6
Z

C a tan 6 tan Q d8
or BCZ d6 = B i i 5 Z (11)

tan Qi - tan 6 i

The vertical component of gravity V is then given as

(10)
 

 

n

V = 2 G X z (12)

with the summations being made over the n sides of the

polygon. The above integral must now be solved.. In

the most general case it can be shown that

 

 

Z1 5 a1 sin ¢i cos ¢i Bi - ei+1

cos a (tan 9 — tan ¢)

+ tan ¢i loge cos 61 (tanie - tan ) (13)

1+1 1+1 ¢1

where Z

6 = tan.1 —i—
i Xi (14)

Z Z

_ -1 1+1 1
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and Z

6 - tan.l 1+1
1+1 X1+1 (16)

a = X + Z Eéil-:§£

1 1+1. 1+1 zi -z1+1 (17)

It should be noted that 61, 61+1, Di, and a1 can all be

i I

is and Zis. This is

especially advantageous, since one of the simplest ways of

explicitly expressed in terms of the X

defining the boundaries of a body is to specify the

coordinates of adjacent points at the vertices of the body.



CHAPTER VIII

INTERPRETATION

Gravity Effects of Bedrock Valleys
 

The gravity effects of near surface features must

first be determined to isolate gravity anomalies orig—

inating from deeper geological features of immediate

interest to this study. The three dimensional least

squares method was used to determine these effects. The

residual gravity maps obtained from this method are

shown in Figures 11 and 12. They are residuals from the

fifth degree least squares fit. The third and seventh

degree fits also were studied, but are not shown because

they showed essentially the same picture. The third

degree fit showed the anomalies to be slightly broader,

and the seventh degree fit showed them to be slightly

narrower.

Several gravity minima can be seen on Figures 11 and

12. It is doubtful that all the negative anomalies are

due to bedrock valleys, but the narrow linear gravity

minima seemingly would be due to the valleys. In the study

area where there is good subsurface control, bedrock

valleys have been outlined and have negative anomalies

associated with them.
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Figure 13 is a map of the bedrock topography for the

Deep River area. Three channels are well outlined in this

area. One is coincident with the northwestern end of the

Deep River fracture zone. It can be traced in a southeast

direction from section 1, thru 8, 9, 15, 16, and partially

into section 21. At this point it turns south and Joins

a large bedrock low in section 22, extending southeast

through sections 28, 3A, and 35, of Township 19 north,

Range A east. It continues on into sections 2, 3, 10, and

11 of Township 18 north, Range A east. At this point it

appears to end. It may, however, turn in a southwest

direction and continue off the map.

A second channel can be seen in Township 10 north,

Range 3 east. It trends in a northeast direction and

runs entirely across the township. It appears to join the

above mentioned valley in the region of section 6 in

Township 19 North,Range 4 east. It can be traced from

there in a southeast direction through sections 1, l2, 13,

14, 23, 27, and 28 where it runs out of the study area.

Another channel, less well defined, can be seen in

the extreme northwest portion of Figure 13. It covers

most of section 4 and part of section 9. There is only one

well shown that controls this channel, but its trend was

inferred from other well logs studied that were outside

of the study area and are not shown on the figure.
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By comparing Figures 12 and 13, the relation between

the bedrock valleys and negative gravity anomalies can be

seen. Only in the case of the last valley mentioned is

there a good correlation. In the other cases the negative

anomalies do not follow the entire length of a channel,

but rather appear as small isolated anomalies along the

trend of the valley. Possible explanations for this will

be discussed later. A

Figure 1A is a map of the bedrock topography in the

Pinconning area. Due to the extreme lack of subsurface

control over most of this area, the isolation of bedrock

valleys is difficult. Only one channel can be seen. It

is located in the northeastern portion of Township 16 north,

Range A east, where it appears to begin. It broadens and

trends south through sections 2, ll, l2, l3, and 14,

where it starts to turn to the west. In the area where it

is trending in a westerly direction, it is much too

shallow to be capable of producing an anomaly of much more

than -.02 mgals. This is much too small to be detected°

By comparing Figure 12, the residual gravity of the

area, to Figure 1A, the bedrock topography, it can be seen

that there are a number of narrow linear negative anomalies

in the area where the above mentioned valley is very broad.

Several of these follow the axis of the broad trough.

This area of negative anomalies can be followed across

the map in a northeast-southwest direction. The negative
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trend runs through sections 1, 2, and 10 of Township 15

north, Range 3 east, into sections 35 and 36 of Township

16 north, Range 3 east. From there it passes through

sections 30, 29, 28, 27, 21, and 20 of Township 16 north,

Range A east. Here it is paralleled by another similar

sized negative anomaly just to the south in sections 33,

35, 27, 26, and 25. From section 25, this trend swings

north as does the one recognizable channel in the area.

The above mentioned negative anomalies in the

Pinconning area may well be due to bedrock valleys,

especially since their trend is coincident to the trend

of the large bedrock valley. However, since there are

practically no wells in the area, the valleys cannot be

traced on the bedrock topography map.

In the extreme southern portion of Figure 12, another

narrow linear negative anomaly can be seen. It is located

in sections 19 and 20 of Township 15 north, Range 4 east.

Another negative anomaly about 2 miles to the northeast

also is shown. Perhaps these two anomalies also represent

a bedrock valley trending to the northeast and possibly

merging with the other proposed valley.

Figure 15 is a cross section of a typical bedrock

channel for the area. Both the observed and theoretical

anomalies are shown. The theoretical and observed anomalies

have approximately the semma magnitude, ‘but the centers of

the anomalies are not coincident. This is due to the
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assumed polygon used in Talwani's two dimensional computa-

tion, for calculating the theoretical anomaly. The sides

of the polygon correspond to the outline of the channel

which was taken from the bedrock topography map. By

slightly adjusting the size and the position of the

valley, the theoretical anomaly can be made to correspond

closely with the observed anomaly. The magnetude of the

anomaly can be changed by changing the density differential.

In this case a density differential of —O.2 gm/cc was used

in calculating the theoretical anomaly.

As previously stated, the gravity minima do not

delineate the valleys as well as might be expected. In

most cases there are a number of isolated lows associated

with the valleys. This may be due to effects from deeper

features. For example, a deeper body that has a positive

anomaly associated with it, may superimpose itself easily

on the negative anomaly due to the valley. Positive and

negative anomalies of similar magnitude may cancel each

other out. In this case a truly anomalous area may show

up as no anomaly.

Possible variations in the density of the glacial

drift in the channels could distort the anomaly due to the

valley. Also, slight changes in the density of the material

in the sedimentary column may distort the anomalies.



From this portion of the study, it was concluded that

bedrock channels in the study area can produce negative

anomalies of magnitude large enough to mask anomalies due

to deeper features. When the bedrock topography is known

the gravity effects of the valleys can be calculated using

Talwani's two dimensional method, and they can be removed

from the Bouguer gravity. One way of removing these

effects is by the cross—profile method. The effects also

may be removed by the upward continuation method.

Gravity Effects of Fracture Zones
 

Effects on the Bouguer gravity of the several known

fracture zones of the study area must be determined before

the zones can be isolated. There are several variables

that must be considered in calculating the effects of the

fracture zones.

The density differential between the porous dolomite

of the fracture zone and the surrounding tight limestone

first must be determined. From density measurements made

on several well samples from the area, it was determined

that the limestone has a density of 2.701 gm/cc. A value

of 2.85 gm/cc was determined for the dolomite taken from

the producing zone. If the samples of dolomite are truly

representative of the fracture zone, a positive density

differential of 0.1A9 gm/cc would be produced. However,

when the porosity of the fracture is considered, the den-

sity differential may vary considerably.



 

Figure 16, modified after Goldich and Parmelee (1947),

is a graph of the density and porosity relationships of

dolomite and limestone assuming that all pore space is water

saturated. The values used to produce this graph were

determined from measurements made on 75 samples from the

Ellenburger group of Texas. It was found that the average

density of limestone is 2.705 gm/cc and its average porosity

is 0.5 per cent. The properties of dolomite were found to

be more variable than those of limestone. The average

grain density of dolomite varied from 2.811 to 2.848; its

porosity ranged from 1.1 to 12.6 per cent. The calculated

calcite content ranged from 2.7 to 27.2 per cent and the

calculated dolomite content ranged from 70 to 94.7 per cent.

With the above ranges of possible chemical and physi—

cal properties of limestone and dolomite in mind, the

effects of the fracture zones on the Bouguer gravity anomaly

must now be considered. From Figure 16, the possible

expected density differential can be determined. For

example, a rock of 100 per cent dolomite content with

porosity of 5 per cent would have a density of 2.755 gm/cc.

A limestone with 1 per cent porosity would have a density

of 2.688 gm/cc. Thus, a positive density differential of

0.067 gm/cc is produced.

Figure 16 shows that either a positive or a negative

density differential is possible. A pure dolomite with 10

per cent porosity, surrounded by a pure limestone of 1 per
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cent porosity_wou1d produce no density differential. In

this case, it would be impossible to detect the fracture

zones by the gravity method.

It is felt that the dolomite of the fracture zones

is fairly pure due to its secondary nature of deposition.

It is assumed that the limestone is fairly pure. Assuming

that the limestone has less than 1 per cent porosity, a

positive density differential would occur as long as the

porosity of the dolomite does not exceed 10 per cent.

It is also felt that the porosity of the fracture

zones may be extremely irregular. This is suggested by

the fact that some of the wells in the Deep River and

North Adams Fields are prolific producers, and in some

cases, adjacent wells exhibit poor production. The high

production of some of the wells also suggests that the

porosity of the zones may exceed 10 per cent in some

instances. These two possible variations would produce

various anomalies over the fracture zones.

The depth to the top of the fracture zones, as well

as their width and depth must also be considered. From

Figures 5 and 6, it can be seen that the top of the pro-

ducing zone in the Deep River Field is about 2050 feet

below mean sea level, and the North Adams producing zone

is about 2100 feet below mean sea level. The top of the

producing zone in the Pinconning Field is slightly over

2200 feet below sea level. The approximate average
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elevation of the area is 600 feet. This would place the

depth to the top of these features at approximately 2800

feet. This figure was held constant when computing the

theoretical anomalies of various width fracture zones.

The depth to the bottom of the fracture zones cannot

exceed 3700 feet. Two dimensional computations indicate

that the theoretical anomaly produced by a body with a

bottom depth of much more than 3700 feet is much larger

than any observed anomaly of the area.

Figures 17 and 18 show the theoretical anomaly over

fracture zones of varying width. Positive density differ—

entials of 0.075, 0.100, 0.125, and 0.150 gm/cc were used

in the calculations. A bottom depth of 3400 feet was

utilized. This would place the bottom depth of the frac-

ture zone in the Lucas formation. It is assumed that the

entire Rogers City—Dundee interval is fractured.

Figures 17 and 18 show that many various magnitude

anomalies can be produced under varying conditions. For

example, a fracture zone 2000 feet wide might produce an

anomaly varying from 0.13 to 0.27 mgals, depending on the

density differential between the fracture zone and the

surrounding limestone.

The smallest magnitude anomaly shown in the figures is

0.06_mgals. It would be extremely difficult to detect a

fracture zone producing an anomaly of only 0.10 mgals or

less.
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The largest anomaly seen on Figures 17 and 18 is

0.27 mgals. It must be realized here that the range of

anomalies shown, 0.06 to 0.27 mgals, certainly is not the

entire range in magnitude of anomalies that might be pro—

duced by various fracture zones. However, it is felt that

this range is applicable for the fracture zones in this

study area.

In summary, it was concluded from this part of the

study, that the fracture zones of the study area may or

may not produce anomalies of detectable magnitude. Due

to the many variables involved, anomalies of widely varying

characteristics might be produced. It is more likely that

the fracture zones would produce positive anomalies, rather

than negative anomalies, if an anomaly is produced. If

the amplitude of the anomalies is less than 0.10 mgals, they

would be extremely difficult to detect.

Gravity Effects of Regional Structures
 

From Figures 5 and 6 it can be seen that there are

several regional structures in the area. The Deep River

anticline and the large syncline in the eastern portion

of the Pinconning area outlined by dashed contour lines

are the most important features here. There is also

another anticline indicated in the extreme southern portion

of the Pinconning area. These features show no relation,

either positive or negative, to the gravity picture. It

is expected that these features would produce detectable



anomalies. It is felt that there is no correlation between

these features and the gravity picture because there is no

appreciable density difference between the features and

their surroundings.

Bouguer Gravity Anomaly Map
 

The Bouguer gravity anomaly map indicates a gravity

maximum coincident with the North Adams Field. This may

be fortuitous, but this is unlikely because the strike of

the anomaly is parallel with the North Adams Field. The

magnitude of the anomaly is about 0.15 mgals and would be

about 3000 feet wide when separated from the regional

gravity. The magnitude of the anomaly is reasonable when

compared with theoretical calculations made previously.

There is no indication of the Deep River or North

Adams fracture zones on the Bouguer gravity anomaly map.

There is a bedrock valley coincident with the northern

end of the Deep River fracture zone. However, if the zone

was producing an anomaly it should be present at least

over the southern end of the field where it would not be

masked by the negative anomaly due to the valley.

The Pinconning fracture zone also has no anomaly

associated with it. This was more or less expected, due

to the width of this fracture zone. From the theoretical

studies it can be seen that a fracture zone of this size

would product an anomaly of 0.10 mgals or less, in which
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case it would be extremely difficult to detect by the

gravity exploration method.

It also can be seen from the Bouguer gravity anomaly

map, that there are two areas of gentle regional gravity

gradients. These areas are in the northern portion of the

study area in the vicinity of the North Adams and Deep

River Fields and in the extreme southern portion of the

study area. The regional gravity gradient between these

two areas is much steeper. The gravity in the two areas

of gentle regional gradient appears more complex than in

the remaining area simply because of the gentle regional

gradients.

Other possible sources of this complexity were

studied. It is possible that lateral variations in the

density of near surface materials, both the glacial

drift and the bedrock, could cause such an effect. How-

ever, there is no indication of lateral density variations

of this material in the area.

Least Squares Residual Anomaly Map
 

The least squares residual anomaly map of the study

area indicates the presence of the North Adams fracture

zone. There is a positive anomaly of greater than 0.10

mgals coincident with the northern three-quarters of the

zone. The anomaly is centered over the fracture zone and

is parallel in strike. It averages about 3000 feet in

width where it is coincident with the fracture zone.



From theoretical studies of the effects on gravity due

to fracture zones, it was concluded that an anomaly of this

size and magnitude is approximately what is expected for a

fracture zone of this size.

The anomaly is not coincident with the North Adams

fracture at its southern limit, but rather is shifted one-

half mile to the west. In the area where the anomaly and

the fracture zone are no longer coincident, both the

structure and bedrock topography become irregular. It

is possible that both of these changes have a distorting

effect on the anomaly. The least squares residual map

shows no indication of the Deep River or Pinconning frac-

ture zones. This was expected since there was no indica—

tion of them on the Bouguer gravity anomaly map. As

previously stated, there is a bedrock valley coincident

with the northern end of the Deep River Field, and it is

detected on the least squares residual map. It is not

outlined as well as expected, but reasons for this were

discussed previously. Again, if the Deep River fracture

zone was producing an anomaly, some indication of it should

be shown at least over the portion of the fracture zone not

effected by the bedrock valley.

There are two other anomalies shown on the least

squares maps that may be indicative of fracture zones.

They are both roughly parallel to the strike of the North

Adams fracture. The first of these anomalies is located in
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Township 18 north, Range 4 east. It covers most of sections

8, l7, and 20 and runs partially into section 4 at its

northern extent. It covers parts of sections 29 and 30 in

its southern extremity. It is felt that since this anomaly

is parallel to the North Adams anomaly, that it may possibly

be due to a fracture zone of similar nature. However, this

anomaly does not reach a magnitude of 0.20 mgals as the

North Adams anomaly does.

The other anomaly can be seen in the extreme southern

portion of the Pinconning area. This anomaly corresponds

less well to the strike of the North Adams anomaly. It

is felt that this anomaly is not delineated well because it

is close to the edge of the study area and the least squares

method may not define accurately the regional anomaly in

this area.

From this portion of the study it was concluded that

the North Adams fracture zone is producing a positive

anomaly and it has been detected. It is felt that since

the North Adams fracture zone is less well developed than

the Deep River fracture zone, its overall porosity is less

and_a larger positive density differential is therefore

created resulting in a detectable gravity anomaly.

The Deep River fracture probably is not producing an

anomaly of sufficient magnitude to be detected. It is felt

that this is due to the increased porosity of this zone

over that of the North Adams fracture zone. Since this



fracture zone is longer and broader than the North Adams

fracture, it certainly should produce a detectable anomaly

if the overall porosity of the fracture was the same as

the North Adams fracture zone.

The Pinconning fracture is much smaller than the

other two known fractures and therefore has no detectable

anomaly associated with it. This is substantiated by

theoretical calculations.

gpward, Downward and Second Vertical

Derivative Methods

 

 

Profiles of upward continued, downward continued, and

second vertical derivative values over the North Adams and

Deep River Fields are shown in Figures 19 and 20. The

methods used in determining these profiles are discussed

previously in the section on interpretational methods.

All of these methods employed a mesh interval of 1000 feet.

The original Bouguer surface was upward continued 3000

feet and downward continued 2000 feet. Second derivatives

were calculated on the original Bouguer surface.

The upward continuation method eliminates most of the

small sharp gradient anomalies due to near surface features

and retains the broad.anomalies due to deeper sources. The

downward continuation and second vertical derivative methods

applied to the original Bouguer surface accentuates the

small sharp gradient anomalies somewhat at the expense of

broader anomalies due to deeper features.
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These profiles, although of only limited extent,

indicate that these analytical techniques do not enhance

the detection or isolation of the anomalies associated

with the fracture zones.



CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS FOR

FURTHER STUDY

Conclusions
 

The North Adams fracture zone produces a positive

anomaly of over 0.10 mgals and is detected by the methods

employed in this study. The Deep River fracture zone,

although it is longer and broader than the North Adams

fracture zone,does not have a detectable anomaly asseci»

ated with it.» It_is felt that this is due to the in-

creased porosity of this zone over that of the North

Adams fracture zone. Theoretical calculations indicate

that the Pinconning fracture zone does not have an anom81y

of detectable magnitude associated with it.

There is no relation between the Bouguer gravity

anomaly or the least squares residual gravity with the

regional geological structures of the area.

Recommendations for Further Study
 

It is recom.ended that a greater station density be

used over and adjacent to the fracture zones. ghis would

eliminate having to interpolate gravity values in areas of

Hsparse geophysical control. It is a.so strongly recommended

that various combinations of downward continuing upward

72
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continued gravity surfaces be studied to see if these methods

enhance or isolate the anomalies due to fracture zones.
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The following is a list of wells from the Deep River

and Pinconning areas that were used in this study. Their

locations and permit numbers are given. They are listed.)

according to Township, Range and section number. The

wells have been divided into two groups, those of the

Deep River area and those of the Pinconning area.

Deep River Area

Township 18 north, Range 3 east

Location Section Permit No.

NW6 Nw6 NW6 1 13670

SE6 sw6 SW6 1 16382

C SW6 NE6 1 10176

NW6 Sw6 NW6 1 14868

NW6 SW6 SW6 1 16283

NW6 Nw6 NE6 1 154uu

SW6 sw6 sw6 1 16052

SE6 Nw6 SE6 2 16303

NW6 NE6 NE6 2 1532:

NW6 NW6 NE6 2 15627

SE' SE6 SE6 2 15831

SE NE6 NE6 2 16867

NW6 NE6 SE6 2 15135

SW6 SE6 SW6 2 786

SE6 SE6 WE6 2 2670

SW6 sw6 NM6 12 3123

WW6 NW6 NW6 12 16098

WE6 Nw6 Nw6 12 16302

NW6 NE6 Nw6 12 16383

c sw6 NE6 21 1126

Township 18 north, Range 3 east

SE6 SE6 sw6 1 1699?

NE6 NE6 SE6 1 163A2

SW6 SW6 sw6 1 17273

NW6 NE6 SW6 1 16502

SW6 SW6 NE6 3 16679

SE6 NE6 SE6 6 17867

SE6 SE6 Nw6 A 1653?
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Township 19 north, Range 3 east

Location Section Permit No.

SE2 NE2 NW2 1 11073

NW2 SW2 NW2 1 12879

SE2 NE2 NE2 2 6203

NW2 SW2 NW2 2 10628

NE2 NE2 SE2 2 16686

NW2 SW2 NE2 3 25102

SE2 SE2 N“2 9 8666

SW2 SW2 NE2 10 13655

NE2 NE2 SW2 11 12702

NE2 SE2 SW2 11 12022

SE2 NE2 SW2 11 12219

SW2 NW2 SE2 11 12327

NW2 NW2 SE2 11 12328

SW2 SW2 NE2 11 12695

SE2 SE2 SW2 11 111819

SE2 SW2 NE2 11 18810

NW2 SW2 SE2 11 11363

SW2 NE2 NE2 11 11269

SW2 NE2 NW2 12 16837

C SW2 SW2 13 9711

NW2 NW2 NE2 16 11318

SW2 SW2 SW2 16 7880

NE2 NW2 SW2 16 10702

NW2 SW2 SW2 1 10198

SW2 NE2 NW2 1' 11115

SW2 SE2 NW2 16 10821

NW2 NE2 NW2 16 11685

NW2 SE2 NW2 16 10987

SE2 SW2 NW2 16 10776

SE2 NW2 NW2 16 11036

NW2 SE2 NW2 16 10765

NW2 SW2 NE2 16 10855

SW2 SW2 NW2 16 10572

NW2 SE2 SE2 16 11306

NE2 SE2 SE2 15 10697

SEW SE2 SW2 15 7872

SW2 SE2 SE2 15 8988

SE2 SE2 SE2 15 9158

SE2 NE2 SE2 15 12608

SW2 SW2 SE2 2 0568

NW2 SW2 SE2 22 8773

NE2 NE2 NE2 22 8880

NE2 SE2 SW2 22 8969

SE2 NE2 NW2 22 8382

NE2 SW2 SW2 22 10671

SW2 NW2 SE2 22 9009

NW2 SE2 NE2 22 7895

SE2 SE2 NW2 22 8560

NW2 SW2 NE2 22 8087



Location Section Permit No.

SE2 NW2 NE2 22 7907

SW2 NE2 NE2 22 7908

NW2 NW2 SE2 22 8300

NE2 SW2 SE2 2 9008

SE2 SE2 SW2 22 10569

NE2 SW2 NW2 22 9821

NW2 SE2 SE2 22 9289

SW2 SW2 NE2 22 8661

NE2 NW2 NE2 22 9296

SE2 NE2 SW2 22 9169

SE2 NE2 NE2 22 9290

NE2 NW2 SE2 22 8672

SE2 SW2 NE2 22 8365

NE2 SE2 NW2 22 8063

SE2 NW2 SE2 22 9207

NW2 SW2 NW2 23 8680

SW2 SE2 SE2 23 7837

SE2 SE2 SW2 23 7876

SW6 NW2 NW2 23 7875

SE2 SE2 SE2 23 8576

682 SW2 SE2 23 8215

NW2 SE2 SE2 23 8192

SW2 SW2 SE2 23 227

NW2 NW2 NW2 23 9216

SW2 NW2 NE2 ' 23 7926

SE2 SW2 SW2 26 8576

SW2 NW2 SW2 26 8656

SW2 SW2 SW2 26 8366

SW2 SE2 SW2 26 6806

SW2 NW2 SW2 26 16855

SE2 NW2 NE2 25 5117

SW2 NE2 W2 25 23696

c NE2 SE2 25 9637

SW2 NW2 NE2 25 6755

c SE2 NW2 25 9696

NW2 NW2 NW2 25 8335

SW2 SE2 NE2 25 18538

SW2 SW2 NW2 25 16010

NW2 NW2 SW2 25 6365

C SE2 SE2 25 9501

SE2 NE2 NW2 26 6901

c SW2 SE2 26 20126

NW2 NW2 SE2 26 6387

NE2 NW2 NE2 26 13373

NW2 NE2 NE2 26 8266

SW2 NE2 NW2 26 13122

SE2 SW2 NE2 26 6855

SE2 E2 NE2 26 6787

SW2 E2 NE2 26 6718

N82 NE2 SW2 26 6508
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Locgtion Section Permit No.

NE2 SE2 SE2 26 6696

SW2 NW2 NE2 26 5523

NW2 322 N22 26 5160

SE2 N22 322 26 6190

NE2 NE2 NW2 26 6665

N22 NE2 N22 26 9102

NE2 NW2 SE2 26 8911

sw2 SE2 N22 26 16966

C2 SE2 822 26 9565

SE2 NE2 NE2 26 15729

NE2 SE2 NE2 26 15236

0 NW2 SE2 27 9701

NE2 NE2 NW2 27 9377
SW2 sw2 SE2 27 17316

c SE2 NW2 27 9866

S2 NE2 NW2 27 10567

C 322 SW2 28 10390

NW2 SW2 NW2 36 ~26207

SE2 SE2 SE2 36 715629

SE2 SW2 N22 36 16669

SE2 SE2 N22 36 16300

NW2 SW2 SE2 35 15656

C SE6 NW2 35 9705

SW2 Nw2 NE2 35 15311

sw2 SW2 NE2 35 15691

SE2 NE2 SW2 35 15521

NE2 NE2 SW2 35 15690

SE2 SE2 SW2 35 15321

822 Nw2 SW2 35 15610

NW2 NW2 SE2 35 15605

322 SW2 NW2 35 16798

NW2 NW2 SW2 35 15857

SE2 NW2 SE2 35 16301

0 N22 822 35 9520

SE2 SE2 NE2 35 12867

NW2 SE2 SW2 35 15862

NE2 NE2 NE2 35 6618

SE2 SE2 SE2 35 15222

SW2 NW2 NW2 35 16766

322 SW2 SE2 35 15218

NE6 SE6 SE2 35 13705

SE2 SE2 NW2 36 15622

SE2 SW2 SW2 3 16885

C SW2 SW2 36 9638

C SE2 NE2 36 9636

C NW2 NE2 36 9500

SE2 NE2 NE2 36 18593

922 SE2 SW2 36 15590

622 SW2 SW2 36 15576



Location Section Permit No.

SE2 SW2 36 10056

N2 NW2 SW2 36 16686

SE2 NW2 SW2 36 15616

NE2 NE2 NE2 36 9293

N2 NE2 NE2 36 21855

Township 19 north, Range 6 east

SE2 NW2 SW2 1 21256

% SW6 SW6 5 10593

2 SW2 SE2 6 10662

SE2 SW2 SE2 6 10960

SE2 SW2 N22 6 11268

SE NE2 SW2 0“

SN: SE2 SE2 2 11572

N52 322 SW2 6 13561

2 N22 sw2 6 11268

SE2 SE2 SE2 6 11292

SE2 822 N22 7 10869

NE2 822 N82 .7 11650

SW2 SW2 SW2 7 11787

NE2 NE2 NE2 7 12360

0 SW2 7 10331

3: N22 N22 7 10617

NW2 N22 7 10672

N22 N22 7 11387

NE2 NW2 N22 7 11285

632 SE2 SE2 7 17669

NE2 NE2 SW2 8 11071

322 N22 822 8 11107

172 SW2 NW2 8 11577

2 822 322 8 9506

2 SW2 NW2 8 10620

2 NW2 NW2 8 10633

’6 35% NE% 3 11578

“22 N72 822 ll 58
.:2 N22 322 8 11357

22 822 NW2 8 11226

N22 SW2 NW2 8 11668

2 NW2 SE2 8 10925

2 SW2 N22 8 10839

NE2 NW2 NW2 8 12619

2 NW2 NW2 8 12339

SW2 E2 NW2 8 12178

SW2 SW2 NE2 8 11862

NE2 SW2 N22 8 11958

2 SW2 N22 8 10691

”2 N22 NW2 8 11575

2 SW2 SW2 9 11861



Location Seer13« Permit No.

SW2 562 SW2 9 12869

NW2 NW2 SW2 9 10926

SW2 SE2 SW2 9 11863

SW2 SE2 SE2 9 11383

882 NW2 SW2 9 11157

882 Sw2 SW2 9 10965

NW2 862 $62 9 11109

Sw2 ng swg 9 '11838

SE2 SE2 SW2 9 11232

SW2 SW2 SE2 9 11259

SW2 NW2 NW2 9 11651

882 NE2 SW2 9 11233

NW2 NW2 SE2 9 11062

E2 NE2 SE2 9 8676

SW2 NW2 N82 9 11373

Nw2 SW2 NW2 10 10867

1
.
4

1
:
-

H
,

!
-
-
1
‘

C
B

-
&

.
3
:

N69 NE2 SW2

SW2 322 SW2 16 12029

SW2 SW2 Nw2 16 11753

822 852 SW2 16 12030

SW2 sW2 SW2 16 19768

822 SW2 SW2 16 12038

SW2 SW2 SE2 16 11951

SW2 NW2 322 16 20155

322 392 SE2 16 121:6

N62 SW2 SW2 16 11952

SW2 SW2 SW2 15 19299

022 SW2 822 15 11989

802 922 SE2 15 12276

982 N52 SW2 15 11872

882 652 SE2 -5 12689

652 SW2 NW2 15 12062

822 SW2 NW2 5 11956

N36 SE2 SE2 15 11886

092 NE2 SW2 15 12037

602 SW2 522 15 11997

962 NE2 SW2 15 11619

202 NE2 SW2 15 11613

8M2 NW2 NW2 15 11502

SE2 SW2 NW2 15 11500

NW2 502 NW2 15 11379

NW2 SE2 322 15 11782

862 NW2 SE2 15 11756

N22 N82 SW2 :5 11715

SW2 NW2 SE2 15 11708

862 SE2 N02 15 11661

662 NW2 SW2 15 11660

822 $22 NW2 15 11907

N22 822 SW2 15 12061
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LOCation Seetion Permit No.

SE2 NW2 NW2 15 12167

NW2 NW2 NW2 15 11362

NW2 NW2 SW2 15 11262

sw2 SW2 SE2 15 20235

SW2 NW2 SW2 15 19657

NW2 NE2 NW2 16 10956

NW2 SE2 NW2 16 10976

SW2 SW2 SW2 16 16693

SW2 NE2 SE2 16 3619

SW2 SE2 NE2 16 12168

322 NW2 NW2 16 16398

sw2 SW2 SE2 16 18293

SW2 NE2 SW2 16 19612

SE2 SE2 NE2 16 11871

Sw2 NE2 NE2 16 11926

SW2 NW2 NE2 16 12003

NE2 NE2 NE2 16 12002

SE2 NE2 NE2 ‘ 16 11536

NE2 SE2 N22 16 11501

Nw2 SE2 NE2 16 11626

NW2 N82 NE2 16 11382

NE2 NE2 NW2 16 11376

SE2 NW2 N22 16 11261

NW2 NW2 N22 16 11118

SE2 SW2 SW2 17 16517

NW2 NW2 SW2 17 13866

NE2 SE2 SE2 17 16133

NW2 SW2 SW2 17 13812

SW2 sw2 SE2 17 16567

SW2 NW2 NW2 17 15971

c 822 18 10280

C NE2 18 10216

NE2 SE2 SE2 18 13728

s 2 NE2 822 18 13665

SW2 SE2 NE2 18 16108

NE2 SE2 NE2 18 16386

8E2 N22 N22 18 15730

NW2 SE2 NE2 18 16387

NW6 83% SE2 18 13771

SW2 N22 N22 18 16650

NE2 NE2 322 18 13766

NW2 NE2 SE2 18 16109

SW2 N22 322 18 13776

SE2 SE2 322 18 19705

SE2 NE2 NE2 20 17639

NW2 NE2 NW2 20 16996

NW2 NE2 SE2 20 16805

sw2 NE2 NE2 20 20349

SE2 SW35 NW1; 20 191463
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Location Section Permit No.

SW2 SW2 NW2 21 19557

sw2 NW2 NE2 21 19353

sw2 NE2 NW2 21 19615

SW2 NW2 NW2 21 17632

sw2 NW2 NW2 21 18705

SW2 NE2 NE2 21 19030

SW2 NW2 SW2 22 ‘ 19536

SW2 NE2 NE2 22 * 19676

SW2 SE2 NW2 22 19356

SW2 NW2 NW2 22 19171

sw2 sw2 NE2 22 19623

NW2 NE2 NW2 22 11263

NE6 SW2 NE2 23 16596

NW2 NE2 NE2 23 12073

NW2 NW2 NE2 23 11896

NE2 SE2 NW2 23 12563

NW2 NE2 NW2 23 12060

NE2 NW2 NE2 234 11970

SE2 SE2 NE2 23 12206

SE2 NE2 NW2 23 12603

SW2 Nw2 NE2 ~ 23 12362

SW2 NE2 NW2 23 12679

SW2 NW2 822 23 18526

SW6 SE2 NW2 23 19903

NW2 NW2 SE2 23 11531

SE2 SE2 NW2 26 12398

NW2 NW2 SW2 26 12090

NE2 NE2 SW2 26 17186

'W% SE2 NW2 26 13755

NW2 SW2 NW2 26 12166

SW2 SW2 NW2 26 12300

SW2 NE2 NW2 26 12120

522 NW2 NW2 26 12133

SW2 NW2 NW2 25 11620

SE NE2 NE2 25 16010

SW NE2 NW2 25 19973

SW2 NW2 NE2 26 23799

NE2 SE2 SW2 . 27 2612

NW2 SW2 NE2 27 11781

NE2 SW2 NW2 27 10986

NW2 NW2 SW2 27 16926

SW2 NE2 NW2 28 17361

NE2 SW2 SW2 28 11867

NE2 NE2 NW2 29 16772

SE2 SW2 NW2 29 21665

NW2 sw2 NE2 29 11988

c NW2 NW2 31 9502

NE2 NW2 SE2 32 6096

SE% NW2 SW2 36 - 9288



Location

SE%

SEk

SWk

NW8

666

NE6;

SE6

Nwlg

SE%

SW%

NW%

SWk

NW&

NE%

NW%

NE%

NWk

ka

NWk

SW%

SW%

SW%

SW%

SW%

SW%

E8

SW%

SW%

SW%

SW%

NE%

SE%

SW%

SW%

NW%

NWk

NEk

SMk

swa

swa

NW%

SW%

NW%

SW%

SW%

NW%

NW%

SW8

SE%

SWk

SE%

NW%

NE%

NE%

NW%

SWk

SE%

SE%

SW%

NE%

SWk

NW%

SEk

SWk

NWk

NW%

SWk

SW%

NW%

NE%

NW6;

SWk

W14

NW%

NW%,

NW15

NE $3

NE%

NW%

NE 3‘3

NW%

NE%

NW%

SE%

SW%

SW%

NE%

SE%

NE%

SE%

SE%
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Township 19 north, R

Section

8

10

17

l9

29

3O

31

32

y“

" I
111-

{3‘

t2)

Pinconning Area

10

2O

23

35

N
N
R
J
N
M
M
N
I
M
N
N
N
N
N

7

13

13

13

13

13

D

Township 15 north, Range

Township 16 north, Range

ToWnship 17 north, Range

L~ . f 1‘ +-

1 E '13 t./ 1

1 ».v.

'1 (7.173 (
t

3 r

3 east

Township 16 north, Range 6 cost

Township 16 north, Range 5 east

3 List

Permit No.

6905

6391

11812

12878

5971

11906

19172

21232

2056

8603

16160

3267

14767

12152

11966

14501

l37u5

12760

12216

12177

11192

11315

10966

13885

11138

6613

16608

12963

13509

13362

13367



Location Section Permit No.

NE% SE% SE% 13 1516?

NE6 NE% SE% 13 15203

NE% SW% NE% 26 13915

NE% NE% NW% 26 1f853

NE% NW% SE% 26 16152

SW6 NE% NE% 26 13795

NE% SE% N88 26 16002

NE% NE% SE% 29 16858

NEK NE% NE% 26 13295

m (
’
1
'

Township 17.north, Range 6 eat

SW6 NN6 NE% 12 3690

SE8 3 6 NE% 16 12655

NW% N66 Nwa 17 2107

Sw% 666 Nwa 18 13338

SW% NW% SW8 1 13596

swa swa SE% 18 13658

swa 886 NE% 18 1369,

SW% SW6 NW% 18 13491

SW1 SE6 SW% 18 13138

NEE S 6 SW8 18 13636

SW? SW8 SW% 18 13385

Sui NE6 SW% 18 13339

N72 N56 S16 18 18026

NE? 0 % SW% 18 17929

NE6 NW8 SE? 18 17938

NE% NW% SW% 18 17326

SW5 NW% NE% 1 L’LFO

NE% CW8 SE8 1 17510

NE6 SE% SE% 1 17799

SE13 NEE; SW52; 18 17720

NE6 SE8 NE% 18 18101

SW? NE6 NW6 1' 13353

SW4 NW% NW% 19 19117

SW6 SW3 NW% 19 13761

SW% SE8 SW% 21 13737

SW% NW% 3‘3 25 11193

NE6 NW8 oE% 25 17093

SE6 SW% SW% 25 17495

NE% NE% SW% 25 23915

NE% ‘Wh SW% 25 17305

NE% NE% SW% 25 177:8

NW% SW% NE% 25 17985

NE% NW% SW8 25 17806

NW8 NW6 SE% 25 1837?

S66 NE% SW% 25 17595

SE1 SW% SW% 27 2745
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Location Section Permit No.

NW8 NEk NW8 29 16510

NE8 SW8 NE8 29 ‘ 15297

SE8 NW8 NE% 29 16178

NE8 NE8 NE8 29 16585

SW8 NE8 NE8 29 16398

SW8 SW8 NE8_ 29 15220

SW8 SE8 NE8 29 15970

SW8 NW8 NE% 30 14859

SW8 8E8 NE8 33 15708

SW8 SE8 SW8 34 11106

SW8 NE8 SW8 35 11158

SW8 SW8 SE8 35 13578

SW8 SE8 NE% 35 13809

SW8 NW8 SW8 35 12224

SE8 NW8 SE8 35 13969

SE8 SW8 SE8 35 13811

SE8 SE8 SW8 35 12213

NE8 SE8 NE8 35 13919

NEk NE8 NE% 35 12615

SE8 SE8 SW8 35 12860

NW8 NEk SE8 35 13951

ng swa NW8 36 16954

SW8 NW8 NW8 36 14228

NEk NE8 NW8 6 21882

NE8 NW8 NW8 2 13838
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