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FOREWORD

Few mineral resources excite as much interest and speculation
as petroleum. Inasmuch as the value of crude oil and gas at well
head in Michigan exceeds $50,000,000 annually, our mineral fuels are
an asset of considerable magnitude. On the national level, Michigan
ranks 17th among the 31 states producing these vital energy sources.

One of the foremost duties of the State Geological Survey is
administering the state oil and gas conservation laws. This
responsibility extends to an interest and concern in the search for
new horizons.

As a result of new developments the past few years, much
interest has been shown in Silurian rocks as potential oil and gas
reservoirs. In response to the need for specific geological infor-
mation on this topic, the Survey published in 1963, and subsequently
reprinted several times, the informal report “Information on
Silurian 0i1 and Gas Pools" by G. D. ET1s. The present edition is
a completely revised and improved version of the original report.

The author, Garland E11s, is a geologist on our staff. He
is eminently qualified to present this technical information in the
field of petroleum geology, and I am pleased to offer this report
to the citizens of Michigan.

Gerald E. Eddy
State Geologist, and
Supervisor of Wells

Lansing, Michigan Geological Survey Division
June 20, 1967 Department of Conservation
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yield Silurian hydrocarbons.

Michigan Basin. Except for local areas,
Most Silurian pools found to date are around the southern edge of the basin in the
southwestern and southeastern part of the state. Many Devonian structures around
the edge of the basin and in the interior are yet to be tested and may eventually

MICHIGAN'S SILURIAN OIL AND GAS POOLS

ABSTRACT

Silurian rocks are an increasingly important source of 0il and gas in the
these rocks are virtually unexplored.

Feservoir rocks are reefs and porous, dolomitized intervals of carbonate
formations. O0il and gas traps in the latter ave often localized on synchronous

structures related to underlying reefs

or small salt-cored anticlines. Silurian

reefs and salt structures are often reflected by structural closures in formations
as young as Mississippian. Reefs and synchronous structures are discussed and

Ffigured.

Silurian subsurface nomenclature use

d in oil and gas exploration differs

from the formal nomenclature established by outerop studies. A variety of terms
ure used. Correlations are based mainly on mechanical log curve characteristics.
Terminology is discussed and related to log cross sections and other illustra-’

tions.

are presented.

INTRODUCTION

Most of Michigan's oil has come from De-
vonian limestones and dolomites while most of
the gas has come from Mississippian sandstones.
As fewer new sources are found in these rocks,
production from them continues to wane and
Silurian and Ordovician rocks become increas-
ingly significant as new sources of o0il and
gas.

Michigan's first Silurian gas was pro-
duced from a well originally drilled for salt.
Gas was produced from Diamond Crystal Salt
Company's No. 12 well in St. Clair County from
1927, the year of discovery, until 1931 when
gas production ceased. Production from this
one-well field aggregated a little over 136
million cubic feet. A small amount of Silurian
0il was produced from a single well in the Dorr
field, Allegan County, as early as 1937. The
Silurian oil venture was deemed uncommercial
and the well was abandoned. Silurian oil pro-
duction in 1952, the first year of record,
amounted to almost 2,600 barrels.

Since these early beginnings over 60
Silurian gas and oil pools have been discovered,
mostly since the early 1950's. The total
hydrocarbons produced is impressive. The total
amount of gas produced from Silurian rocks by
the end of 1966 amounted to almost 150 billion
cubic feet, most of which has been produced
since 1948. 0il production has also increased

General pool or field data, production, gas analysis, and some reservoir data

sizably. By the end of 1966, cumulative pro-
duction reached more than 6 million barrels. A
large share of Michigan's future oil and gas
reserves will probably be found in these rocks.

Most of Michigan's Silurian reservoirs are
associated with reefs or with small salt-cored
anticlines; one with porosity-permeability
pinch-out. Small, salt-cored anticlines have
been recognized only in southwestern Michigan,
whereas most of the reefs have been found in
southeastern Michigan. Silurian oil and gas
pools are generally situated along the southern
edge of the Michigan basin, the majority in St.
Clair and Macomb Counties in southeastern Mich-
igan. Exploration for reefs has been more or
less concentrated in this region because most
of the larger and more productive fields have
been found there. Good oil and gas shows, and
favorable porosities and permeabilities have
been found elsewhere. But over most of the
State, except for local areas, Silurian rocks
are virtually unexplored. As exploration tech-
niques improve and more well control becomes
available, many more Silurian pools will be
found.

The purpose of this circular is to bring
together practical and general information on
the occurrence and geology of Michigan's
§ilurian oil and gas pools. Examples of oil
and gas traps are presented, and a variety of
other information is summarized in charts and
illustrations. The subsurface stratigraphic




terms generally applied to the Silurian section
by the petroleum industry are discussed because
a variety of terms are used in different parts
of the basin. Geophysical logs are being in-
creasingly used for correlating formation tops.
They provide an excellent means for consistent
placement of formation tops, other correlation
points, and for standardizing nomenclature.
Suggestions along these lines, based on state-
wide stratigraphic studies, are presented.

The geology of Michigan's Silurian rocks
is complicated. Some aspects of the strati-
graphy concerning the oil- and gas-bearing for-
mations of Middle and Late Silurian age are
controversial. Comprehensive discussion of the
different aspects and stratigraphical concepts
applied to the many Silurian rock units in
Michigan is beyond the scope of this circular.
Selected references for further study are
listed at the rear.

Several fields have been selected to ill-
ustrate the geology of the different types of
Silurian o0il and gas traps. The term field,
as used in this report, means the general area
which is underlaid or appears to be underlaid
by at least one pool containing oil or gas, or
both. The words field and pool mean the same
thing when only one underground reservoir is
involved; however, field, unlike pool, may re-
late to two or more pools. A number of Silur-
ian oil or gas pools are, or have been, sub-
ject to well spacing and gas-oil proration
orders. Well spacing and drilling unit orders
define an individual pool or field area as
covering and including certain sections or
parts of sections. The several pools or fields
illustrated in this circular may or may not
include all the officially-defined area of the
pool or field. Structural interpretations and
correlations of the author are intended for
illustration only and do not supersede any
other interpretations which may have been
adopted for oil or gas regulatory practices.

Principal sources of this study are:
Geological Survey well records, Survey reports,
mechanical (geophysical) log correlation and
sample studies by the author, and data furn-
ished by other state agencies or companies.

MICHIGAN BASIN

The Michigan Basin is a relatively shal-
low intracratonic basin encompassing all of
the Southern Peninsula, the Northern Peninsula
and parts of Wisconsin, Illinois, Indiana,
Ohio and Ontario. It is bounded on the north
and northeast by the Canadian Shield; on the
east and southeast by the Algonquin Arch in
Ontario and the Findlay Arch in northern Ohio;

on the southwest by the Kankakee Arch in north-
ern Indiana and northeastern Illinois; and on
the west and northwest by the Wisconsin Arch
and Wisconsin Dome. The basin, though roughly
circular, has a slight northwest-southeast
elongation.

The deepest part is believed to underlie
a part of Clare and Gladwin Counties in central
Michigan where an estimated 14,000-15,000 feet
of sedimentary rocks mantle the Precambrian.
The Paleozoic series are represented by Cambrian,
Ordovician, Silurian, Devonian, Mississippian,
and Pennsylvanian sediments. A small amount of
Mesozoic (Jurassic) rock overlies the Pennsyl-
vanian in the central area of the Lower Penin-
sula. The rocks in the basin are principally
carbonates, shales, evaporites and sandstones.
Most everywhere bedrock is covered by Pleisto-
cene glacial drift as much as 1,000 feet thick
in places, but averaging perhaps 250-300 feet.
Outcrops are sparse and generally of small areal
extent. The stratigraphic succession of Paleo-
zoic rocks is illustrated in Chart 1, adjacent
page.

SILURIAN SYSTEM

Rocks of Early, Middle, and Late Silurian
age occur throughout most of the basin. They
account for over 30 percent of the estimated
108,000 cubic miles of sediment in the basin
(Cohee and Landes, 1958). Probably one-third
to one-half this volume consists of nearly pure
rock salt in the Upper (Late) Silurian se-
quence. Silurian rocks are thickest, an esti-
mated 4,000 feet, in the central part of the
basin. Almost everywhere they are overlaid by
Devonian formations (Figure 1). Outward toward
the margin of the basin they thin and crop out
beneath Pleistocene glacial drift, or at the
surface.

Surface exposures of Silurian rocks in
Michigan are found mainly imn the Northern Pen-
insula. TFrom here they extend southwest and
southeast in arcuate belts around the basin
margin forming the Dorr Peninsula of Wisconsin
and the Bruce Peninsula of Ontario. In the
north, Late Silurian (Cayugan) rocks crop out
mainly in the vicinity of the Straits of Mack-
inac but outcrops of Middle Silurian (Niagaran)
rocks are more abundant. Rock formations of
Early Silurian (Alexandrian) age are sparingly
exposed at widely scattered points. Along the
southern margin of the basin Silurian rocks
also crop out beneath glacial drift or are ex-
posed at the surface in Monroe County (Michi-
gan), in southern Ontario, northern Ohio,
northern Indiana, and in northeastern Illinois.
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Michigan's Silurian rocks have been vari-
ously divided into a number of stratigraphic
units based primarily on outcrop and fossil
studies. Rocks of Early, Middle, and Late Si-
lurian age have been recognized.
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Figure 1. Generalized geologic map of Michigan.

Early Silurian rocks consist of the Cata-
ract Group composed of two formations: the
cherty Manitoulin Dolomite and the overlying
Cabot Head Shale. The upper part of the Cabot
Head shale or its facies equivalent in the
northern part of the basin contains some gyp-
sum along with red and green shales. In this
area the gypsum bearing interval has been
called Moss Lake Formation (Ehlers and Kesling,
1962). Early Silurian rocks are generally
assigned to Alexandrian Series but the terms
Albion or Medinan are sometimes used.

Middle Silurian rocks are predominantly
carbonates with chert zones and minor shale
beds. In the Northern Peninsula where these
rocks have been extensively studied, they have
been divided in ascending order into: Burnt
Bluff Group, the Manistique Group, and the
Engadine Dolomite, the latter a formation with
a succession of several similar carbonate
units. The Burnt Bluff Group consists of
three formations called, in ascending order:
Lime Island Dolomite, Byron Dolomite, and Hen-
dricks Dolomite which contains a member called

Fiborn Limestone. The Manistique Group con-
sists of the Schoolcraft Dolomite and an over-
lying Cordell Dolomite. The Engadine Dolomite
has not been formally divided but is often
correlated with Guelph-Lockport rocks with
which it has affinities. Middle Silurian rocks
are assigned to the Niagaran Series.

Late Silurian rocks consist of the Salina
Group and an overlying Bass Islnnds Group. In
the Mackinac Straits area the Salina Group is
divided into a St. Ignace Dolomite and the
underlying Point aux Chenes Shale. These rocks
extend into the basin where they contain many
thick salt beds. Rocks of the Bass Islands
Group crop out in Monroe County in southeastern
Michigan, in parts of northern Ohio, and in the
Bass Islands in western Lake Erie. The lower
formation, the Put-in-Bay Dolomite, takes its
name from a geographic feature of the same name
in the Bass Islands. The upper formation, the
Raisin River Dolomite, takes its name from out—
crops along the Raisin River in Monroe County,
Michigan.

SUBSURFACE UNITS AND NOMENCLATURE

Though large areas of the basin have not
been drilled to, or through, Silurian rocks,
their general characteristics, thickness, and
distribution are perhaps better known in the
subsurface than in the outcrop region. The
sequence as recognized and divided in outcrops
at widely scattered points around the basin
margin does not correspond entirely to the sub-
surface section. The character of the Silurian
sequence varies from basin margins to interior.
Lower Silurian rocks as defined in the subsur-
face in eastern and southeastern parts of the
basin thicken and change lithologically basin-
ward. Middle Silurian rocks are complicated
by extensive reef and carbonate bank deposits
associated with platform areas along the basin
margin. They are thickest on the margins and
platform areas and thinnest in the basin inter-
ior. In contrast, Upper Silurian rocks are
thickest in the interior and thinnest on the
margin where they overlie reef complex. Peri-
odic isolation or semi-isolation of the basin
interior from the open sea by late Silurian
time allowed the deposition of a thick, alter-
nating or cyclic succession of salt, carbonate,
and shale beds. Most of the layers making up
this cyclic sequence can be readily traced
over much of the basin. In the outcrop they
are not individually identifiable and are thus
lumped together under such terms as Point aux
Chenes Shale, St. Ignace Dolomite, or perhaps
Bass Islands. Some of the recognizable sub-
surface rock units appear to be limited to the
basin interior and do not extend to outcrop
regions on the basin margin. The salt is

largely confined to the basin interior and does
not extend to the outcrop areas. Solution and
removal of salt beds and subsidence or collapse
of overlying rocks further complicate the
stratigraphy of Upper Silurian rocks along the
margins. An erosional unconformity of consid-
erable magnitude separates Silurian and Devon-
jan rocks over a large part of southwestern
Michigan and elsewhere around the rim of the
basin.

Uniformity of rock divisions and nomen-
clature for surface and subsurface use is de-
sirable but not always attainable. Most of the
gilurian formation boundaries defined by out-
crop studies depend largely on fossil studies.
This method is not always feasible or practical
when such determinations must be made from well
samples or an occasional well core. Features
which appear well defined in outcrop studies
are not always recognized in subsurface sam-
ples. Consequently, many formations are
defined differently in the subsurface. Some
parts of the subsurface Silurian sequence are
more readily divided than the comparative out-
crop interval, while other parts are more
easily divided in outcrop than in the subsur-
face. This situation has, in turm, led to an
expanded and somewhat different subsurface
nomenclature. The increased use of geophysi-
cal logs has contributed to the proliferation
of subsurface rock units and nomenclature.
Currently, the subsurface Silurian succession
is divided into rock units based on character-—
istic geophysical log curves but this has not
led to consistency in rock divisions or nomen-
clature. Several different systems based on
log curves are now used by the oil and gas
industry.

Geophysical logs of the radiation type
(e.g. gamma ray-neutron) have proved especi-
ally useful in correlations in the Michigan
Basin. The Silurian sequence is a series of
carbonates, shales, salt, and anhydrite which
provide sufficient contrast on the log curves
to provide many useful markers. Well samples
and other types of logs such as sonic and
density provide additional support for log
correlations. Thus a more reliable system of
rock unit divisions can be established from
these logs than one devised solely from well
sample studies.

Though many Silurian formation "picks"
have become more or less standard within the
Michigan Basin, considerable differences in
formation limits and applied nomenclature
exist. Probably by chance rather than design,
gilurian rocks are divided differently in dif-
ferent parts of the basin. From this situa-
tion a variety of names and divisions have
developed, often for the same stratigraphic

unit. Such conditions appear related to local
or regional drilling compaigns undertaken from
time to time during the development of oil and
gas resources of a given section of rocks. As
an illustration, the top of the A-2 Carbonate
as now commonly picked in Allegan County is
about 30-40 feet stratigraphically lower in

the section than where it was placed at the
time of development of the Overisel, Salem, and
other Silurian gas pools. The "A-2" top, as
then called, is now known to be a part of the B
Evaporite; the top of the present "A-2" corres-
ponds stratigraphically to the A-2 Carbonate as
picked in St. Clair County about 125 miles to
the east. In Allegan, St. Clair, and some
other counties, the A-2 Carbonate is called A-2
Dolomite. But in Allegan County the lower part
of the unit, being a gray, argillaceous lime-
stone, is called A-2 Lime. 1In the St. Clair
region the lower part of the unit is most

often a limestone but less argillaceous and
lighter in color than its equivalent facies in
Allegan County, yet the term A-2 Lime is very
seldom applied to the lower division. In other
areas the unit may be entirely a limestone, a
dolomite, or both.

These synonymous terms, minor subdivisions,
and other differences, appear on well logs,
scout tickets, in local and national trade jour-
nals, in geological reports, and in other docu-
ments. Many difficulties in correlation and
communication of basic stratigraphic problems
stem from duplicity and multiplicity of data
gathered and used from different sources such
as those just mentioned. These differences are
shown on the correlation sections.

CORRELATION SECTIONS

Characteristic gamma ray log curves of
Silurian rocks at various points across the
Southern Peninsula of Michigan are shown on
Correlation Sections 1 and 2. The correlations
shown are those favored by the author. The
nomenclature used is that recommended by the
Survey Geologic Names Committee. Drillers'
termg and other nomenclature and formation tops
commonly used by the oil and gas industry are
shown where necessary. Well log curves on Cor-
relation Section 2 are arranged for convenience
of presentation; all are aligned in reference
to the base of the C Unit, the reference plane.
Full size gamma ray-neutron logs of these wells
are generally available at commercial log
libraries. Descriptive logs and sample sets
are available from the Survey libraries.

Lower Silurian (4lexandrian)

Tn the subsurface these rocks are gener—
ally called Cataract Group. Where possible,




they are divided into two formations: a lower
Manitoulin Dolomite and an upper Cabot Head
Shale. The Manitoulin is buff to light brown
dolomite, locally cherty with interbedded shale
or shaly dolomite. Small reefs are found in
Manitoulin rocks. Moss Lake Formation is not
used.

The contact between the Manitoulin Dolo-
mite and the overlying Cabot Head is gradational
in many places. Over most of eastern Michigan,
where the Cabot Head is most typical and is best
developed, it consists of gray, greenish gray,
and red shales. Thin carbonate beds are also
present. To the west, northwest, and basinward
in general, the shales thin, pinch-out, or grade
laterally into carbonate beds. Local reefs or
regional thickening in the Manitoulin probably
causes a thinning in overlying Cabot Head
shales. Gamma ray logs curves of the Mani-
toulin-Cabot Head interval vary regionally ac-
cording to gradual change in thickness and
sediment type. The Cataract Group thickens
basinward. Because of the difficulty in separ-
ating the two divisions, these rocks have been
mapped and designated as Cataract Formation by
some investigators (Cohee, 1948).

Middle Silurian (Niagaran)

Niagaran rocks in the subsurface are main-
ly dolomites and limestones. Cherty zones are
found in some areas, and thin shale beds are
present regionally in the lower part. Niagaran
rocks range in thickness from less than 100 to
more than 1,000 feet. The sequence is thickest
on or along the platforms and structural feat-
ures such as the Kankakee and Finday Arches at
the southern end of the basin. A similar thick
sequence is found around the northern rim.

The Niagaran rocks in the subsurface of
the Southern Peninsula, because of reefs,
facies differences, and irregular thicknesses,
are divided into a number of local rock units
having more or less provincial names. In east-
ern and southeastern Michigan, Niagaran rocks
are most often divided into a Clinton and over-
lying Niagaran section, the latter is further
sub-divided into two or more units. These
units, and others, have been extended to dif-
ferent parts of the basin where they have
become mixed with outcrop nomenclature.

Clinton. 1In eastern and southeastern Michigan,
the lower-most unit of Niagaran rocks is called
Clinton. It is a relatively thin, persistent
sequence of carbonates and shales. The Clin-
ton as generally defined in this area corres-
ponds to the Clinton Formation of New York
where it has been traced from there across
Ontario into Michigan. 1In Ontario these rocks
have been split into several formations and

designated Clinton Group, but in eastern and
southeastern Michigan they are not generally
subdivided. Typical eastern facies of the
Clinton can be traced as far west as central
Michigan where they then begin to change (Cohee,
1948). Clinton rocks change facies basinward.
The shales pinch out or grade laterally into
carbonates; the whele section expands in thick-
ness and finally merges with lower Niagaran
rocks similar to those found in the Northern
Peninsula. The Clinton interval correlates
with the Burnt Bluff and Manistique Groups of
that region.

In the Northern Peninsula, Mayville, Burnt
Bluff, and Manistique rocks were classed for
many years as formations of the Clinton Group.
Later, the Burnt Bluff and Manistique formations
were raised to group rank, their several members
became formations, and the term Clinton Group
was dropped from the nomenclature (Ehlers and
Kesling, 1957). In the northern part of the
basin and in other places where Clinton rocks
are predominantly thick carbonates, an attempt
is made to break-out rock units in accordance
with Northern Peninsula definitions and nomen-—
clature. The term Clinton continues to be used
in subsurface work in these areas, but not in
accordance with past usage., It is often used
as a formation name together with, but separate
from, Burnt Bluff and Manistique rocks which in
the subsurface are generally considered as for-
mations rather than groups.

In eastern and southeastern Michigan,
there is an almost abrupt transition from the
shaley Clinton section to the overlying clean,
light colored rocks of the upper Niagaran sec~
tion. On radiation and electrical logs, the
break is shown by a distinctive curve readily
recognized on nearly all logs. It is a useful
marker in this region and westward around the
southern rim of the basin. But Clinton rocks
change facies in a westward and basinward dir-
ection, and this in turn leads to a change in
total Clinton internal log curve characteris-
tics from place to place. The curve indicating
a break from clean, light colored carbonates
into Clinton shales remains distinctive around
much of the southern rim of the basin, but it
becomes increasingly difficult to differentiate
Clinton rocks from those of the underlying
Cataract Group. This has led to the application
of the term '"'Clinton-Cataract' to the log curve
otherwise called Clinton. Characteristic log
curves of the Clinton and Cataract intervals
across southern Michigan are shown on Correla-
tion Section 2. Basinward from this area, log
curves change in response to change in sediment
facies. The relationship between Clinton and
Cataract rocks near the margin of the basin to
their counterparts in the basin interior are
shown on Cerrelation Section 1. The rocks above

the Clinton constitute the upper part of the
Niagaran.

Rocks above the Clinton. Rocks above the Clin-
ton interval are dolomites and limestones which
vary in color, textural characteristics, and
thickness. In the subsurface they are white,
gray, blue-gray, browns and buffs, and in some
areas, pink to red in color. Cherts are pre-
gent at different stratigraphic levels in some
parts of the basin. The thickness of section
above Clinton rocks varies from as little as

60 to as much as several hundred feet. The
presence of isolated reefs standing above the
surrounding Niagaran surface, and the presence
of reefs within the thicker areas of Niagaran
rock has led to the concept of a reef complex
thought to be present around much of the basin
margin.

The thick section of Niagaran rock which
rings much of the basin thins toward the center
of the basin. The surface as well as the base
of the Niagaran sequence also dips toward the
center. The broad area of thin Niagaran rock
across southern Michigan includes much of the
deeper part of the basin. Cohee (1948) attri-
buted the thinning of the Niagaran sequence to
uplift, either in Niagaran time with nondepo-
sition of younger Niagaran rocks or at the
close of Niagaran time with subsequent erosion
of the upper beds. The term "Mid-Michigan
Ridge" was applied to the same region of thin
Niagaran rock by Ehlers and Kesling (1962),
who also favored the uplift-erosion viewpoint.

The thicker areas of Niagaran rock have
also been interpreted as reef banks or as reef
complexes which developed on structurally high
regions or on platform areas which frame the
basin. Niagaran reefs, or bioberms, are ex-
posed at the surface in Silurian outcrop areas
found around most of the Michigan Basin.

Reefs, reef associated sediments, and bio-
stromes may occur at various stratigraphic
levels within the Niagaran. Reefs may range in
size from small, isolated, nearly circular
masses less than 10 feet in diameter to large
complex masses which may cover several hundred
acres. Small reef mounds like the former are
found in the Byron Dolomite (Burnt Bluff Group)
of eastern Wisconsin. The larger and more com-
plex reef masses are exposed in outcrops and
quarries at the southern edge of the basin in
northern Ohio, northern Indiana, northeastern
Illinois, and on the Bruce Peninsula in Ontario.
Small bioberms occur in the upper part of the
Niagaran in the Northern Peninsula of Michigan.
From these outcrop regions, the reef-bearing
rocks extend into the subsurface of the Michigan
basin.

In the subsurface the area covered by thick
Niagaran rock is thought to be a reef complex.
It is conceived to be a region of extensive reef
development during the latter part of Niagaran
time. Along the strike of the basin rim, the
lower carbonate units of the thick section are
fairly uniform in thickness and character but
toward the center of the basin they change.
Above the basinward dipping wedge-like units,
the carbonate units are less regular in thick-
ness, color, and texture. These upper units are
believed to contain the reef masses, all of
which are enclosed and buried by carbonate
debris.

Changes in environment resulted in reef
development during different intervals of Niag-
aran time and at different locales within the
expanding reef environ. Local closures on the
surface of the Niagaran, together with greater
thicknesses of Niagaran rock beneath the clo-
sures, are generally interpreted as indicating
the presence of a reef. Where the Niagaran is
regionally thick, the closures have low relief.
Those that are farther down the slope of the
reef complex, where the Niagaran is regionally
thinner, may stand as topographic features hav-
ing several hundred feet of relief above the
surrounding Niagaran surface.

Most of the reefs found in the subsurface
appear to be algal-stromatoporoid mounds rather
than outright coral reefs as they are sometimes
called. 1In either case they have the character-
istics of bioberms, and they are seldom consid-
ered as erosional remnants. Brecciation and
fossil debris common to most are illustrated in
Figure 2. The relationship of isolated or semi-
isolated reefs to the main reef complex is
illustrated in Figure 3.

Carbonate wedges which taper basinward and
reefs complicate the division of Niagaran rocks.
Cohee (1948) mapped Middle Silurian rocks as
Niagara Group, but the discovery and development
of reef o0il and gas pools has led to a more
widely used terminology. The names and divi-
sions commonly used and reported on logs and oil
scout tickets are drillers' terms such as "Brown
Niagaran", "Gray Niagaran", and 'White Niagaran'.
These terms are based mainly on color, texture,
and stratigraphic position.

The three divisions are most widely used in
connection with reefs. In eastern Michigan, and
to a lesser extent elsewhere, reefs may be
divided vertically into three or more units.
Gamma ray log curves of reefs in eastern Michigan
almost always show a suite of curves which can be
used to differentiate the section into arbitrary
units. The uppermost unit, the "Brown Niagaran',
lies immediately below the base of the Salina
(Upper Silurian) A-1 Evaporite. In areas where




BELLE RIVER MILLS FIELD

A portion of reef core from a field development well.

Sun 011 Co. - Welser and Straub No. 1
NW NW NW Sec. 14, T. 4N., R. 16E., St. Clair County
Producing formation: Niagaran reef and A-1 Carbonate

Depth to A-1 Carbonate - - - - - - - 2208 feet
Depth to reef- - = = = = = = = - - - 2246 feet
Cored interval - - - - = - = 2210 to 2518 feet
Total depth- = - = = = = = = = = = = 2521 feet
Production casing- = - - = - - 7" to 2520 (510 e.)
Perforations - -~ -168 holes 2246 to 2330 feet
165 holes 2330 to 2385 feet
500 MCA and 5000 RA- - - - - 2246 to 2385 feet
IP (A) = = = = = = = = = = = gauge 36,000 MCFG

RAY FIELD

A portion of reef core from the discovery well.

E. E. Brehm et al - Ohman No. 1
SE SW NW Sec. 1, T. 4N., R. 13 E., Macomb County
Producing formations: Niagaran reef and A-1 Carbonate

Depth to A-1 Carbonate - - - - - - - 2924 feet
Depth to reef- - = = = - ~ = - - - - 2956 feet
Cored interval - - = = - - - 2925 to 3275 feet
Thickness of pay - - = = = = = = = = 256 feet
(Bottom of reef reported to be salt-plugged)
Total depth- - = = = = = = = = = = = 3273 feet
Production casing - - - = = = 5" to 3273 (500 c.)
Perforations - - 364 holes (2945 to 2960 feet

(2970 to 2995 feet
(3007 to 3058 feet
40 holes 3175 to 3185 feet

500 MCA- - = = = = = = = = = 2945 to 3058 feet
500 MCA~ - = = = = = = = = - 3175 to 3185 feet
IP (4) gauge 53,800 MCFG

Figure 2. Portions of il well cores showing brecciation and fossil debris.

an evaporate unit, either salt or anhydrite,
does not overlie Niagaran rock, the top is in-
consistently placed. The next unit below is
called "Gray Niagaran". The upper and lower
boundaries of this unit are not firmly fixed
by distinct lithologic change. The basal unit
is commonly called "White Niagaran”. The top
of this unit is not sharply marked from the
overlying section, but the base is easily
recognized because of the underlying Clinton
shales. Other possible reef divisions are,

in descending order: Zone 3 ("reef"), Zone

2, and Zone 1. A similar division is used by
some o0il companies operating in the Ontario
part of the basin (Pounder, 1962). Divisions
just mentioned are not necessarily synonymous
with Brown, Gray, or White Niagaran.

Brown, gray, and white colored Niagaran
rocks are present in varying amounts and
thicknesses throughout the basin. Conse-
quently, divisions based on color have been
extended to all parts of the basin, regardless
of whether or not they correspond to similar
divisions in the reef areas. Conflicts based
on these divisions undoubtedly occur on many
records and published logs. Though log curve
characteristics of Niagaran rocks above the
Clinton vary regionally in response to rock

character, correlations based on log curves
appear to be more reliable and consistent than
those based solely on sample examination.
Characteristic upper Niagaran log curves for
various areas across southern Michigan are shown
on Correlation Sections 1 and 2.

Upper Silurian (Cayugan)

Upper Silurian rocks have the most exten-
sive subsurface terminology. They are generally
divided into two groups: the Salina and the
Bass Islands. The lower group, the Salina, is
divided into a number of units equivalent to
formations. These rocks have a more persistent
lithologic character; they contain numerous
evaporite beds of wide geographic extent, and
log curves of the section are more uniform over
very wide areas.

The terminology and general rock divisions
in current use are based largely on the work of
Landes (1948) and Evans (1950). Landes divided
Upper Silurian rocks, in ascending order, into
Units A through H, Unit H being equivalent to
Bass Islands rocks. Evans further divided the
A Units. Extensive exploration and development
of Silurian pools in Michigan have gradually
brought about the further subdivision of Upper
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Silurian rocks. The subsurface terminology and
most rock divisions of Salina and Bass Islands
Groups in current use do not relate entirely to
the original subsurface terms and divisions.
Most divisions are based on gamma ray log
curves which provide more precision in correla-
tion than those based solely on sample studies.
For example, the original Unit D, a thin salt
bed, was thought to be merely a lens in the
upper part of Unit C (Landes, 1945). The D
Unit (D Evaporite of current terminology) as
presently defined is a distinctive, widespread
salt bed overlying the C Unit and underlying
the E Unit. It is not considered to be a part
of the C Unit as currently defined. Other dif-
ferences are mostly in the units above the B
salt beds.

Correlation Sections 1 and 2 show charac-
teristic log curves used to define the various
Salina and Bass Islands divisions used in this
report. Most of the divisions are similar to
those commonly used by the oil and gas industry.

Salina Group: A-1 Fvaporite. The A-1 Evaporite
is the lowest stratigraphic unit, or formation,
of the Salina Group. It is a clean salt over
most of the basin interior, but a few thin shale
or carbonate lenses occur near the middle of

the unit in the deeper parts (Correlation Sec~
tion 1). In the deeper part of the basin, the
unit has a known thickness of 475 feet. Toward
the margins of the basin it thins and grades
laterally into anhydrite. The anhydrite equiv-
alent thins and finally pinches out against the
flanks of the reef complex. Thin beds of car-
bonate or shaly carbonate laterally continucus
with the anhydrite may be present, but these

are seldom identified.

The A-1 Evaporite appears to have been
deposited wholely within the Michigan Basin.
The depositional edge has been modified in some
areas by salt solution and subsequent collapse
of overlying rocks, or by salt migration and
gradual subsidence of the overlying strata.
Locally around the inner margin of the reef
complex, isolated pillows of A-1 Evaporite salt
form cores of small anticlines. It is gener-
ally not present, either as salt or anhydrite,
high on the flanks or on the crests of tall
reefs.

When the A-1 Evaporite is entirely a salt,
it is called A-1 salt; when an anhydrite, it is
called A-1 anhydrite; and when it contains both
salt and anhydrite, as near the transition, it
is split into an A-1 salt and A-1 anhydrite.
These terms frequently appear on logs, scout
tickets, and other well records. All are synon-
ymous with the term A-1 Evaporite.
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A-1 Carbonate.
dark colored limestone, dolomite, or both. On
the margins of the basin it is generally dolo~
mite. In the interior of the basin it can be
all limestone, all dolomite, or both. 1In the
immediate vicinity of reefs, it may be com-
pletely or partially dolomitized. The unit is
thinnest in the basin interior and thickest
around the inner margin of the basin where it
may reach a thickness of 125 feet. It is gener-
ally absent over tall reefs and in areas high on
the flanks of the reef complex. Like the under—
lying evaporite unit, the A-1 Carbonate appears

to have been deposited entirely within the basin.

Over large areas, the basal part contains
intervals of very thinly laminated dolomite
separated by carbonaceous partings. These units
are varve-like and suggest cyclic deposition in
deep or quiet water. The laminated intervals
are often called '"poker chip shale'. Locally,
the A-1 Carbonate contains as many as three thin
anhydrite beds. In St. Clair and Macomb Coun~
ties, from one to three thin beds occur in
association with reefs. The suite of neutron
curves marking their presence is sometimes
called "rabbit ears’. Those that occur else-
where in the basin are generally not named. The
anhydrite beds have been confused with the anhy-
drite equivalent of the A-1 Evaporite.

The A-1 Carbonate produces oil, gas, and
salt water in various parts of the basin. Where
production is obtained, A-1 reservoir rocks are
generally dolomite. Because of this, the A-1
is generally called A-1 dolomite by the o0il and
gas industry. Where these rocks are not separ-
ated from underlying Niagaran rocks by the A-1
Evaporite, it is difficult to separate them
from dark colored, dolomitized Niagaran rocks.
On gamma ray logs, the A-1 Carbonate is readily
recognized where bracketed between the A-1 and
A-2 Evaporites. Where the underlying A-1 Evap-
orite is not present, the characteristic A-1
Carbonate curve may still be recognized for
considerable distances up the regional slope of
the reef complex.

A-2 Evaporite. This formation, nearly a pure
salt more than 475 feet thick in the deeper
part of the basin, overlies the A-1 Carbonate.
It, also, thins outward and grades laterally
into an anhydrite equivalent on the margins of
the basin. The depositional edge of this unit
has been modified by salt solution or salt mi-
gration in some areas. In general, it approxi-
mates the depositional edge of the A-1 Evapor-
ite. Over Niagaran reefs the A-2 Evaporite is
generally represented entirely by anhydrite
usually found at the top and at the base of the
salt in off-reef wells. The occurrence of an
all anhydrite A-2 Evaporite section in regions
where this unit is a thick salt may indicate

The A-1 Carbonate is essentially
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the presence of an underlying, or nearby reef.
The practice in these areas is to call an A-2
anhydrite and an A-2 salt. Both are a part

of the A-2 Evaporite which was probably depos-
ited chiefly within the basin.

A-2 Carbonate. The A-2 Carbonate is a wide-
spread formation whose lithologic characteris-
tics are very similar to those of the A-1
Carbonate. It is composed of dark to light
colored limestones, dolomites, or both. On
the margin of the basin where it overlies th
reef complex, it is generally a dolomite. It
may alsc be partially dolomitized over reefs.

The A-2 Carbonate is about 150 feet thick
over most of the basin, but sizable local areas
may be as much as 275 feet. Over pinnacle
reefs such as those in St. Clair County, the
unit may thin as much as 40 percent of its off-
reef thickness. Depositional thinning also
occurs in association with the margin reef com-
plex. In the southwest part of Michigan it has
been removed by one or more cycles of erosion.

The A-2 Carbonate is not homogeneous vert-
ically or laterally. Near the middle of the
unit in the deeper parts of the basin, one or
two poorly developed anhydrite beds occur. 1In
parts of the basin, the unit may be divided
into an upper and lower part. The basal part
contains 'poker chip'' intervals similar to
those of the A-1 Carbonate.

In Allegan and adjacent counties, south-
west Michigan, the lower part of the A-2 Carbo-
nate is a gray, shaly limestone contrasting
with the brown and buff dolomites of the upper
part. Gas is produced from porous dolomites in
the upper part of the A-2 Carbonate and the
lower part of the B Evaporite. During the
development of the Overisel Salina A-2 gas pool
it became popular to designate the clean carbo-
nates as A-2 dolomite and the underlying gray
section as A-2 lime. These terms were extended
to other Salina pools in the vicinity. The
terms are currently used by some operators.
They also appear on well logs and scout tickets
A-2 dolomite and A-2 lime are included within
the A-2 Carbonate.

B Evaporite. The B Evaporite is a widespread
formation consisting of clean salt in the lower
part, and a series of salt, shale, and dolomite
beds in the upper part. As defined by log
curves on Correlation Sections 1 and 2, the
unit is over 475 feet thick in the deeper part
of the basin, and less than 50 feet in the
region of the Niagaran reef complex. It has
been removed by erosion from part of southwest
Michigan.
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The lower part of the B Evaporite is a
clean salt, confined to the inner part of the
reef complex. The upper part contains numer-
ous, thin dolomite or shale beds many of which
can be correlated, by use of gamma ray logs,
over wide areas. Toward the margin of the
basin, the B Evaporite thins and the lower part
pinches out. The upper part also thins; the
salt beds between the thin dolomites grade to
anhydrite, and these in turn pinch out.

In those parts of the basin where the B
Evaporite is thin and salt or anhydrite is not
present, these rocks are not readily distin-
guished from the underlying A-2 Carbonate by
ordinary sample study. Gamma ray logs may be
used to trace the carbonate equivalent of the B
Evaporite over the reef complex. The top of
the A-2 Carbonate was formerly called om the
basis of a distinctive log curve now considered
to be a part of the B Evaporite. Many older
records of wells drilled to Silurian rocks in
Allegan and adjacent counties place the top of
the A-2 Carbonate within the B Evaporite.
Characteristic log curves of the B Evaporite in
southern Michigan are shown on the Correlation
Sections.

C Unit. The C Unit as defined on the Correla-
tion Sections is one of the most persistent of
Salina Group rock units. Where not removed by
post-Silurian erosion, it may be traced through-
out the Michigan Basin and as far east as New
York (Ulteig, 1963). It is a gray, shaly dolo-
mite averaging about 60 feet in thickness.
Locally, perhaps in association with reefs or
with B Evaporite salt solution, it reaches a
thickness of over 120 feet. The unit does not
contain salt beds, but a thin anhydrite bed or
zone of pink and white nodular anhydrite appears
to be present over large areas of the basin.

Log curves of this unit are distinctive and
readily recognized.

D Evaporite. The D Evaporite is a salt bed
averaging about 40 feet in thickness. The unit
is lenticular and occurs within the inner mar-
gin of the Niagaran reef complex. It may be
absent over Niagaran reefs. The unit is split
by a thin, very persistent dolomite bed which
causes a consistent deflection on gamma ray
logs.

E Unit. The E Unit is a series of gray, green-
ish gray, and red shales intercalated between
thin dolomites. Except where removed by ero-
sion as in Southwestern Michigan, it ranges
from 90 to about 120 feet thick. A salt bed
about 15 feet thick occurs near the top in the
deeper parts of the basin. The salt bed grades
into anhydrite and is confined to a small part
of the basin interior.

On the west side of the basin, a porous
dolomite occurs near the base of the unit. The
porous dolomite grades eastward and basinward
into shales. The porous interval is called "E
Zone' or "Kintigh Zone', and oil is produced
from it in the Diamond Springs field, Allegan
County. The unit is readily recognized on gamma
ray curves, especially when it is bounded by
the D Evaporite and F Evaporites. Characteris-
tic E Unit log curves are shown on the Correla-
tion Sections.

F Evaporites. The F Evaporites as defined by
log curves on the Correlation Sections are a
succession of pure and impure salt beds, thin
anhydrite and anhydritic shale beds, shaly dole-
mites, and dolomites. The shales are similar

to those of the underlying E Unit, and are gray,
greenish gray, and reddish gray in color. Dolo-
mites are gray, buff, and brown. Part of the
impure salts are pink to red-tinged in color;
others are white to clear.

The F Evaporites, like those lower in the
section, are thickest in the deeper parts of
the basin. The sequence is nearly 970' thick
in Ogemaw County, but thins outward toward the
margin of the basin; most of it is due to depo-
sitional thinning of salt beds. 1In parts of
the basin it has been completely removed by
erosion and is immediately overlaid by Devonian
rocks.

Gamma ray-neutron and other types of geo-
physical logs indicate the presence of many,
widespread lithic units within the F Evaporite
sequence. By use of geophysical logs, it is
possible to divide these rocks into many arbi-
trary units, useful in relating the central
basin sequence to the equivalent basin-edge
section. The sequence has been divided into
six convenient units: F Salt 1 upward through
F Salt 6 (Ells, 1962). The divisions are based
on the deeper basin sequence and characteristic
gamma ray-neutron log curves. All units con-
tain a series of salt, anhydrite, shale, and
dolomite beds; each may be traced over large
parts of the basin. The six units are strictly
log divisions since it is doubtful that they
could be everywhere recognized with precision
by sample studies.

Characteristic log curves of F Evaporite
rocks across Southern Michigan and their rela-
tionship to the basin sequence is shown on Cor-
relation Sections 1 and 2. In oil field prac-
tice, the top of the F Evaporite is called on
the first salt bed encountered in drilling,
regardless of stratigraphic position of the
salt. Thus, the top of the F salt recorded on
well log and scout tickets is not necessarily
the same salt bed each time. Individual salt

beds of a given F salt unit pinch out irregu-
larly near the basin margin, but many of the
shale and dolomite beds persist and converge to
form essentially shale-dolomite units. This
behavior has led to difficulties in defining
the uppermost subsurface division of the Salina,
the G Unit.

G Unit. The G Unit as defined by log curves
shown on the Correlation Sections is different
from that described by earlier investigators.
Extensive, basin-wide Silurian exploration has
provided new information on basin versus basin-
margin relationships of uppermost Salina rocks.
The G Unit as picked on the margins of the
basin, when traced into the deeper part, can be
shown to grade basinward into the F Evaporite.
According to the original divisions of Landes
(1945), the G Unit was the highest unit of the
Salina. The F Unit was believed to be the
youngest salt-bearing member. Due to the dif-
ference in section between basin and basin-
margin, the top of the Salina, or G Unit, has
been placed at different stratigraphic levels
in different parts of the basin.

Around the margins of the basin, the F
Evaporite Unit is comparatively thin in rela-
tion to the section farther basinward. It con-
tains fewer salt beds; those that are present
are generally part of F Salt 1 or 2. On the
basin margin, the top of the Salina, or so-
called G Unit, is generally picked at the first
thick, gray dolomitic shale section encountered
beneath light colored, dense dolomites of the
Bass Islands Group. This thick shale interval
is consistently recorded on geophysical logs
wherever it has not been removed by erosion.
Characteristic log curves, labeled "G Unit'" for
wells A, B, C, and left unlabeled on wells F
and G, show how this section relates to the F
Salts in wells D and E, Correlation Section 2.
If all salt and anhydrite beds are deleted from
a log such as D and E and the log curves are
reconstructed minus the evaporites, the result-
ing log curves will have essentially the same
configuration and thickness typical of a basin
margin log.

In contrast, the top of the Salina in the
deeper part of the basin is often picked as
shown on Correlation Section 1, and the F Salt
is called at the top of the first salt encount-
ered. This leads to a conflict in stratigraphic
placement of the Salina top because the same
point or rock unit can be traced to the edges of
the basin where it is called "H Shale" or Bass
TIslands shale by some geologists. The H Unit
originally meant Bass Islands Group. On the
other hand, the G Unit as originally defined,
essentially from basin margin wells, when
traced basinward grades into F Evaporites. The
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top of the Salina is variously placed by geolo-
gists and these differences are reflected on
well records and scout tickets.

Rase Islands Group. Bass Islands rocks,
divided into two formations in the outcrop, are
seldom divided in the subsurface. These rocks
were originally called H Unit, but the term
appears not to have been used extensively until
recent years. Its present usage as indicated
above is in connection with a gray, dolomitic
shale bed called G Unit by some geologists and
Bass Islands shale by others.

Bass Islands rocks in subsurface are char-
acteristically dense, buff dolomites. The
upper part is sparsely oolitic at several hori-
zons. Lower in the section, gray argillaceous
dolomites, shaly dolomites, and brown beds are
present. Thin anhydrites and several thin
salt beds are found in the interior part of the
basin. Bass Islands rocks are conformable and
transitional downward into Salina Group rocks.

In the subsurface, Bass Islands range up
to 750 feet in thickness in the deeper parts of
the basin. An unconformity of considerable
magnitude separates these rocks from those of
Devonian age. The unconformity is most acute
in the southern part of the basin. Here, Bass
Islands rocks and a considerable portion of
Salina rocks have been stripped away during
perhaps several periods of erosion prior to
Middle Devonian time. A distinctive, readily

{mm < uwir

ALBION-SCIPIO

recognized break, or unconformity, between
Silurian and Devonian rocks is not apparent in
the deeper part of the basin.

SILURIAN-DEVONIAN UNCONFORMITY

Salina and Bass Islands rocks are thickest
in the center of the basin and thin toward the
edge. Much of the thinning is the result of
non-deposition of Salina salt, possible solu-
tion and leaching of salt beds in local areas,
and post-Silurian erosion. Upper Silurian
rocks were variously eroded to different strat-
igraphic levels over much of the basin rim dur-
ing several periods of emergence following Bass
Islands time. Truncation of Upper Silurian
rocks 1is especially pronounced over large areas
of southwestern Michigan. Although this ero-
sional surface cannot be mapped in detail
everywhere, enough information is available to
establish a general pattern.

The occurrence of Salina and Bass Islands
rocks beneath Devonian formations is illustrated
in Figure 6. The Silurian rocks are overlaid
by various Devonian formations which, toward
the southwest, lie upon successively older and
stratigraphically lower units of the Salina
Group. In the extreme southwest corner of
Michigan, Salina rocks appear to have been com-
pletely removed and Devonian sediments deposited
directly upon Niagaran rocks. The oil- and
gas-bearing A~1 and A-2 Carbonate Units, as

PALEOGEOLOGIC MAP

DISTRIBUTION OF ERODED AND TRUNCATED
BASS ISLANDS AND SALINA UNITS BENEATH
DEVONIAN STRATA IN SOUTHWEST MICHIGAN

[ ] BASS ISLANDS GROUP (H UNIT)
==Y (Upper shales of F Evaporite Unit}

F EVAPORITE UNIT (Shales) and E UNIT

% B UNIT Equivalent, A-2 and A-I CARBONATES

E== niacARAN ?

Salina salt beds and most anhydrite beds
{aterally equivalent to them do not extend into
the area of severe truncation

M.G.S. 1962

Figure 6. Paleogeologic Map of Silurian surface in Southwest Michigan.

well as the potentially productive E Unit por-
osity zone, have been removed over a consider-
able area.

The extent of Salina-Bass Islands trunca-
tion in this region appears to be related to
the thick, late Niagaran reef complex formed on
the Indiana-Ohio platform and Kankakee Arch.
Truncation is greatest and Upper Silurian rocks
are thinnest where Niagaran rocks are thickest.
Where Niagaran reef complex rocks are thinmnest,
truncation is less pronounced and a thicker
section of Salina-Bass Islands rocks has been
preserved. Just as small pinnacle reefs caused
local -synchronous structures in the overlying
Salina and Bass Islands rocks, the eventual
burial of the overall reef complex caused a
regional synchronous structure. Emergence and
erosion of the regional structure after Bass
Islands time, and perhaps during Early and Mid-
dle Devonian, resulted in considerable trunca-
tion of Upper Silurian rocks, especially on the
higher parts.

In several places Bass Islands and upper-—
most Salina rocks have been stripped away there-
by creating erosional features similar to fen-
sters. For example, in the East Pullman field
all Bass Islands and Salina units down to about
the middle of the C Unit have been eroded off
the synchronous structure caused by an under-
lying Niagaran reef. Outward from the eroded
structure, successively younger Salina units
and Bass Islands rocks are found beneath De-
vonian rocks. Similar fensters occur elsewhere,
some involving other units of Salina rock.

SILURIAN OIL AND GAS POOLS

Most Silurian pools are located around the
edge of the basin, primarily in the St. Clair-
Macomb County region in southeastern Michigan,
and in Allegan County in southwestern Michigan.
This distribution suggests that most areas of
the basin may be favorable for Silurian oil and
gas exploration. Absence of Silurian pools in
the basin interior and over much of the north-
ern rim probably reflects the dearth of explora-
tion in those places.

0il and gas accumulations are localized in
several types of traps: Niagaran reefs, reef-
associated structures, anticlinal structures
related to deformation and localized salt
bodies, and porosity traps not related to reefs
or deformation.

0il and gas traps related to buried reefs,
or localized salt bodies may be called "syn-
chronous highs™. The term as used by Scholten
(1959) applied to any "local area which was
topographically expressed, however gently and

for whatever cause, as a high on the sea or
lake bottom during the general span of time
when sediments were being deposited in the
region". Four principal types of synchronous
highs were distinguished by their modes of
origin: depositional, erosional, inherited,
and diastropic.

In Michigan many Silurian oil and gas
pools fit one or more of the above classifica-
tions. Niagaran reefs, or bioberms, may be
classed as depositiomal. Some, although depo-
sitional in origin, may be erosional remmants
of former reefs. Structural closure in Salina
and younger rocks may be inherited from under-
lying reefs, the closure being due primarily to
draping of these sediments over the reef or
erosional topographic prominence. In other
cases, Salina structure may be due to solution-
collapse mechanisms. Other Salina pools appear
to owe much of their structural closure to salt
flow brought about by diastrophic mechanisms.

Niagaran reefs attract the most attention
because of spectacular reservoir volumes and
productivity of some individual reefs. Non-reef
associated traps are generally larger in areal
extent but reservoir volume and productivity is
considerably less.

The porous dolomites of reefs form the
main reservoir body in Niagaran age rocks. In
the Salina, reservoir rocks are in porous in-
tervals of the A-1 and A~2 Carbonates, the low-
er part of the B Evaporite equivalent, and the
E Unit. Structural closure in these rocks is
often related to underlying Niagaran reefs or
to local salt bodies.

Hydrocarbons contained in Niagaran and
Salina reservoirs are probably indigenous and
locally derived from sediments enclosing or
forming the parent reservoir rock. Parts of
the Niagaran sequence, such as the uppermost
interval called "Brown Niagaran', contain abun-
dant organic material. Sectiomns of the A-1 and
A-2 Carbonates as well as other units of the
Salina sequence are highly carbonaceous.

Eastern Michigan reef reservoirs generally
have associated oil or gas production from A-1
Carbonate rocks. Where favorable connection
existed between reef and A-1 rock, hydrocarbons
formed in Salina A-1 Carbonate sediments may
have migrated to the dolomitized synchronous
structures and entered into porous, underlying
Niagaran reef rock. Hydrocarbons could also
have moved from surrounding non-reef Niagaran
sediments into porous reefs and then upward into
the dolomitized A-1 Carbonate rock. In other
pools with little or no connection between reef
and A-1, the hydrocarbons may be indigenous to
the reservoir rock. In A-1 and A-2 Carbonate
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reservoirs separated by A-2 Evaporite, hydro-
carbons are probably indigenous to the parent
reservoir rock.

In eastern Michigan, most Niagaran reef
fields also produce oil or gas from dolomitized
intervals of A-1 Carbonate. Off-reef the A-1
is generally limestone, but around the over
reefs it is dolomitized. Off-reef or down on
the reef flank, the A-1 is separated from Niag-
aran rocks by the A-1 Evaporite. The A-1 Evap-
orite, in this region an anhydrite bed, does
not extend completely over tall reefs. The A-1
Carbonate thins or may be absent from the
crests. In these cases, interconnection of
reef and A-1 Carbonate reservoirs may occur.
Both stratigraphic units, reef and A-1 Carbo-
nate, may be considered as one reservoir but
each having somewhat different characteristics.
Wells may be perforated in both units. Most
A-1 0il wells are located down or off structure
in relation to associated reefs. In other
fields, pressure differentials between reef
and A-1 Carbonate reservoirs suggests very
little or no interconnection.

Many eastern Michigan reefs have large gas
caps. Some of the fields which appear to con-
tain small volumes of o0il relative to gas con-—
tent are classified as gas fields. Others are
considered combinations. O0il and gas produc-
tion by field or pool is summarized in Table 1.

A number of fields have been selected to
illustrate the geology associated with Silurian
0il and gas traps around the southern edge of
the basin. Formation tops and thickness data
were determined mainly from gamma ray-neutron
logs. Some of the illustrations were construct-
ed during early development of the fields and
thus may not show all available well control.
Well control is sufficient, however, to demon-
strate structural and stratigraphic features
discussed herein.

REEFS AND REEF-ASSOCIATED STRUCTURES

Niagaran reefs. Most of the productive Niaga-
ran reef pools are located in St. Clair and
Macomb Counties. Others, including non-
productive reefs, occur around the perimeter of
the basin. Reefs, therefore, are not restricted
to a specific locality on the basin rim, but
most are basinward of the reef complex. Only a
few wells have been drilled to Niagaran rocks

in the central part of the basin, most of them
widely distributed. In the central part of the
basin where Niagaran rocks are deepest, a defin-
ite reef section has not yet been recognized.

The isolated Niagaran topographic features
are generally considered to be reefs. Well
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samples and cores provide evidence of frame
building organisms such as stromatoporoids, al-
gae, and corals. Other reef-associated forms
are brachipods, cephalopods, and crinoid debris.
Most reef rock is highly dolomitized, thus fos-
sils, bedding planes, and other depositional
features are usually obscured or completely de-
stroyed. Main reef builders were probably
stromatoporoid and algae colonies that formed
mats which acted as traps and binding agents
for other reef originating sediments.

Reefs vary in size. Larger ones cover
about 400 to 500 acres. Smaller satellite reefs
and reef detrital beds associated with the
larger reefs may extend the size. The flanking
carbonate detrital beds as well as the core are
commonly mapped as reef. The larger reefs
appear to have several closures along the crest.
Those with several closures tend to be linear
in plan with a northeast-southwest orientation.
A few multi-closure reefs are slightly arcuate
in plan. In areas with abundant well control
such as Casco Township, T4N, R15E, St. Clair
County, where as many as ten variable size reefs
occur, orientation is not readily apparent.

The presence of smaller reefs and coalescing
detrital sediment fans often obscure the reef
pattern.

The amount of topographic relief exhibited
by individual reefs, from crest to off-reef dry
holes, may be as much as 400 to 500 feet. The
slope from the highest known point on reef to
off-reef dry holes generally does not exceed 15
degrees, although steeper slopes are known.
Although commonly called "pinnacle reefs'’, these
features are more like mounds than pinnacles if
breadth and length are compared to height.

Some evidence indicates a relation between
the height-breadth ratio of individual reefs to
their position basinward from the thicker, more
massive Niagaran section. Reefs within the
inner margins of the massive Niagaran section
appear to have grown rapidly upward in response
to a subsiding basin interior while those on
the more stable shelf regions were more re-
stricted in vertical growth. The reefs farthest
out in the basin tend to be taller and have
less areal extent. Reefs nearer the massive
reef complex are intermediate in height. Reefs
developing, presumably at the same time, on the
shallower and more stable positions on the
shelf have the least relief but cover a greater
area relative to their height. The reef complex
which developed around much of the basin margin
probably contributed to conditions which led to
the deposition of Salina evaporites and the
eventual cessation of reef growth. Salina de-
posits ultimately buried the reef complex.

A few productive reef reservoirs are part-
ly salt-plugged. In others the pore spaces are
so completely filled with salt that the produc-
tion of oil or gas in commercial quantities is
hindered. The distribution of salt-plugging in
an individual reef appears random. Salt-filled
vugs and fissures are found in non-reef-
associated rocks; for example, the A-1 Carbon-
ate and, in fact, most units of the Upper Sil-
urian evaporite sequence. Salt-plugged reefs
are probably not limited to a single geographic
region within the basin. They may be related
to the basinward limits of reef development or
occurrence, and to the depositional edge of
the A-1 and A-2 Evaporite units.

The Berlin reef, St. Clair County, (Figure
7), produces oil and gas although partly salt-
plugged. Much of the salt appears to be in the
upper part of the reef, though not all of it.
Another unnamed reef of less topographic extent
and area is located about one mile southwest of
the Berlin reef. Wells drilled on this reef
have had gas and oil shows, but the reservoir
rocks are salt-plugged and commercially non-
productive so far as it has been delineated.
The Ray reef, Macomb County (Figure 8), one of
the larger and most productive gas-filled reef
reservoirs, is partly salt-plugged near its
southern end. The Leonard reef, Oakland County,
is salt plugged, mostly in the upper part. The
gas in this reef has a higher than usual sul-
phur content.

The cause of salt-plugging in some reefs
and water filling in others probably camnot be
determined with much precision. The pinnacle
reefs and other suspected reef masses probably
had different histories depending on location
in the basin at intervals during Niagaran and
Salina time. Reef belts may perhaps be classi-
fied in three ways according to position in the
basin: 1) Those farthest basinward which were
drowned out by rapid subsidence of the basin,
with erosional processes limited to wave action
during growth and submarine erosion after sub-
mergence; 2) Those nearer the stable regions
but at times partially subjected to subaerial
erosion and wave action; 3) Klintar, or reef
erosional masses associated with an eroded reef
complex as suggested by Evans (1950). Reefs
farthest basinward and those intermediate to
the reef complex appear to have been most sub-
ject to salt-plugging,

It is likely that several factors probably
contributed to deposition (or removal) of salt
and anhydrite in the void spaces of the reef
rock. Rocks overlying the Niagaran are a suc-
cession of salt, anhydrite, carbonate, and
shales. In St. Clair, Macomb, and Oakland
Counties where most salt-plugged reefs have
been found, the initial formation of the Salina

is the A-1 Evaporite, an anhydrite in this area
but a salt bed several hundred feet thick far-
ther out in the basin. The anhydrite is 10 to
20 feet thick and may be traced part way up the
flanks of tall reefs. Anhydrite or salt-filled
vugs are often observed in cores from the top
of the reef, but bedded anhydrite is not pre-
sent. Salt or anhydrite infiltration could
have begun during the A-1 Evaporite deposition-
al phase. N
The next unit above the A-1 Evaporite, the
A-1 Carbonate, marks a return to more normal
marine conditions. Where conditions were favor-
able, reefs partly salt-plugged during A-1
Evaporite time could have been leached of salt
by the more normal sea water. Ultimately, the
A-1 Evaporite was covered by the lime muds of
the A-1 Carbonate. On the higher parts of tall
reefs the A-1 Carbonate is generally very thin
compared to its off-reef thickness; or else it
is missing entirely either because of non-
deposition or submarine or subaerial erosion.
The summits of taller reefs probably persisted
as sea floor topographic highs surrounded by
A-1 sediments. Where reef summits persisted as
sea floor highs into A-2 Evaporite time, the
reef was again directly subjected to a second
cycle of salt and anhydrite infiltration.
Other reefs, first salt-plugged during A-1
Evaporite time but later leached prior to A-1
Carbonate time, could also have undergone a
second cycle of salt-plugging during A-2 Evap-
orite time.

Depending on the basinward position of the
reef, the A-2 Evaporite may be 150 feet or more
thick off-reef. Off-reef the unit is mainly a
salt with anhydrite at the top and base. The
A-2 Evaporite thins on the flanks and over the
crests of tall reefs. On the higher parts of
the reef it may be entirely anhydrite one-fifth
as thick as off-reef. According to Sanford
(1965) the A-2 Evaporite in Ontario invariable
grades to anhydrite as much as 50 feet thick
over the highest part of the structure of some
40 pinnacle reefs found in that province. The
anhydrite occurrence is believed to be a deposi-
tional feature not related to leaching of salt.

In Michigan, contours on the top and base
of the A-2 Evaporite reflect the structure of
the buried reefs. Thickness intervals from
crest to off-reef area, together with the gen-
eral structural configuration indicate the an-
hydrite is not a residual body resulting entire-
1y from leaching and removal of salt over the
reefs. The general presence of anhydrite
rather than salt on the crests appears to re-
present the late phase, mainly anhydrite, of
A-2 Evaporite deposition which succeeded in
covering the structures. Some salt was probab-
ly present, but continued deposition and
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differential compaction of sediments over the
buried reefs further accentuated structural
closures, and removed by flowage the thin salt
intervals that may have been present.

Synchronous highs, and thus potential oil
and gas traps, were formed in Salina rocks in
response to underlying Niagaran reefs. Many
eastern Michigan reef pools also obtain oil or
gas production from overlying A-1 Carbonate
rock. Niagaran reefs, rising to different ele-
vations above the sea floor, influenced the de-
position and compaction of lower Salina rocks,
and to a lesser degree those of the upper por-
tion.

Reef-associated structures: In eastern Michigan
synchronous structures are associated with
Niagaran reefs, but the degree of closure in De-
vonian and Mississippian formations is tempered
or modified by the presence and increased

thickness of upper Salina salt beds and the
total rock interval overlying the reef. Most
closure in rocks higher than the Devonian Dun-
dee formation is poorly defined and generally
amounts to a slight expression. Over some
reefs (Marine City), a small amount of closure
is found as high up as the top of the Antrim
shale. Over other reefs (Berlin) there appears
to be a southward shift in closure, so that
nothing more than a structural nosing is evi-
dent in Dundee rocks.

Structural closure is formed in virtually
all Salina units overlying Niagaran reefs hav-
ing significant height. In a number of reef
fields closure is also found in Devonian and
Mississippian formations as well as in the
Silurian rocks immediately overlying the reef.
The amount of closure is greatest in the A-1
Carbonate and becomes progressively less in
successively higher units. The amount of
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Depth to A-1 Carbonate 3540 feet
Depth to reef 35658 feet
Cored interval 3610 to 3661 feet

3765 to 3865 feet
Reef porosity partly salt-

plugged from about 3610 to 3820 feet
Total depth 4060 feet
Production casing 5" to 4060 (200

Perforations 100 holes 3800 to 3825 feet
tubing to 3818 feet, packer at 3736 feet

Shows of oil or gas on DST's at 3481 - 3511,
3585 - 3660, and 3735 - 3765 feet. Core

0il production from 3667 to 3861 feet.

IP (N) Flow 318 bbls. oil first 24 hours. Completed
for 234 bbls. oil in 18 hours, 12/64 choke.

analysis indicates probable oil production at
3617, 3624, 3627, and 3631 feet; probable water
production from 3634 to 3661 feet, and probable
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Figure 7. Berlin Field, St. Clair County.
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closure in the upper part of the Salina Group
and in Devonian and Mississippian rocks appears
related to the height of the reef and thickness
of strata covering them.

The Salina formations immediately overly-
ing Niagaran rocks thicken basinward as do
most of the Devonian and Mississippian forma-
tions. For example, in St. Clair County, a dry
hole on the northeast edge of the Ira field
T.4N., R.15E. has about 1060 feet of Salina
section (excluding Bass Islands rocks); about
9% miles farther north on the edge of Big Hand
field T.5N., R.15E. the Salina is about 1200
feet thick. About 22 miles north of the Big
Hand field the Salina is about 1725 feet thick.
The gradual increase in thickness basinward is
largely due to the increase in thickness of
Salina salt beds. Southward toward the margin
of the basin, the Salina salt beds thin and
pinch out against the flanks of the thick Nia-
garan reef complex. Devonian and Mississippian
rocks also thin marginward.

Reefs located higher on the flanks of the
reef complex where overlying rocks are thinner
tend to be reflected by structural closures in
formations as young as Mississippian age. In
regions where most of the Salina salt is pres-
ent and the overlying rocks are thicker, under-
lying Niagaran reefs are reflected to a lesser
degree or not at all, by structural closure in
overlying Devonian and Mississippian forma-
tions. Closures on these synchronous highs
have probably been accentuated by differential
compaction of sediments over the reef, salt
migration or removal of salt by solution, and
regional deformation of bedded strata around
the less mobile, massive reef bodies. Reef
development and the associated closure in over-
lying rocks appear consistent along the

Structural closure on the C Unit, A-2
Carbonate, and other Silurian formations
reflects the underlying Niagaran reef. The
first three tests on this gravity prospect
failed to find the main reef mass; the
fourth test located the approximate crest of
the reef.

southern margin of the Michigan Basin, but can-
not be extended at present to all areas of the
basin. In the Illinois Basin to the southwest,
structure in Devonian and Mississippian forma-
tions in some oil and gas fields is also rela-
ted to Niagaran reefs (Lowenstam, 1949) and
(Howard, 1963).

Salina rocks thin significantly over in-
dividual reefs. Thinning occurs mainly in the
lower units and to a lesser degree in rocks
above the C Unit shale. The degree of thinning
varies according to height of the reef and the
local thickness of Salina section. In off-reef
dry holes the Salina may have as much as 300
feet more section than in a high reef well.

The difference is mainly due to thinning of
evaporite units, but carbonate units also con-
tribute.

Most of the known productive reefs are in
areas where nearly all the Salina evaporites
are present. In St. Clair and Macomb Counties,
the A-1 Evaporite (an anhydrite over most of
this region) thins and pinches out against the
flanks of the taller reefs. The A-1 Carbonate
also thins toward the crest of the reef and on
the highest part of the reef it may be missing.
The A-2 Evaporite (salt with anhydrite at the
top and base) which may be as much as 150 feet
thick off-reef, also thins to a fraction of the
thickness found off-reef. Over the higher part
of the reef it is largely anhydrite rather than
salt. The A-2 Carbonate immediately overlying
the evaporite also thins, often to as little as
two-thirds its off-reef thickness. Above the
A-2 Carbonate up to and including the C Unit
shale, other Salina units also thin in progres-
sively smaller increments. The D Evaporite
salt sometimes thins or is absent above reefs.
Generally, however, rocks above the C Unit shale
do not show significant thinning.
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Figure 9. Boyd Field, St. Clair County.

The Boyd field, Figure 9, illustrates the

general character of larger St. Clair County
reefs. The field was one of the first reefs
to be discovered in the county. The discovery
well was drilled on the basis of a gravity
anomaly. The second well drilled was a dry
hole, off-reef, and structurally low. Produc~-
tion from this field is from the A-1l Carbonate
and reef. The field remained as a one-well
gas pool until o0il was discovered in the
Peters field several miles to the northeast.
A third well, drilled about six years after
initial discovery, resulted in an oil well.
The pool was then developed to its present
status.

The Boyd reef has about 300 feet of re-
lief on the Niagaran surface. Tt is overlain
successively by Salina and Bass Islands rocks,
and by Devonian and Mississippian formations.
The A-1 Carbonate thins over the reef as does
the A-2 Evaporite and A-2 Carbonate. Reef
structure is indicated by thinning and struct-
ural closure of these units. Closure is also
present in other Salina units but does not
coincide exactly with the underlying reef.
Some closure is also found on the top of the
Devonian Dundee Limestone.
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RESERVOIR DATA

Some general reservoir data and gas analy-
ses are tabulated for Boyd, Peters, Ira, and
other reefs in St. Clair County. Some data is
also presented for the Howell field, one of the
earlier Niagaran pools (1935) found in eastern
Michigan. The Howell, Ira, and Belle River
Mills fields are now gas storage reservoirs.

Cored pay sections of eastern Michigan
reefs show porosity to range from intercrystal-
line to vuggy. Some voids are filled with salt
or anhydrite. Porosity and permeability varies
vertically and laterally within an individual
reef. A-1 Carbonate porosity is generally de-

scribed as intercrystalline but occasional small

vugs are noted. Average porosity and permeabi-
lity values for the Boyd, Peters, and Howell

fields, furnished by Panhandle Eastern Pipe Line

Company, are as follows:

Boyd Field
Porosity Range Permeability
Range
A-1 gas 6.0 to 9.35% 1.7 md.
A-1 oil 6.0 to 9.4 % -
Niagaran gas 8.8 to 10.2 % 23.0 md.
Niagaran oil 7.3 to 8.8 % 23.0 md.

Niagaran water - - —

Peters Field
Porosity Range Permeability

Range
A-1 gas 11.2 to 12.7% 2.66 to 6.3 md.
A-1 oil 10.6 to 12.7%2 2.66 to 4.4 md.

Niagaran gas 9.0 to 11.6%Z 17 to 42 md.
Niagaran oil 10.0 to 11.1% 152 to 294 md.
Niagaran water  -- 11.6%2 - -

Howell Field

Average Average
Porosity  Permeability
Niagaran gas 7% 10 nd.

Gas analysis for several eastern Michigan
reef fields are as follows:

Boyd Peters Ira Howell

Helium A47 0 —- - -
Carbon Dioxide - .187% - -
Nitrogen 7.21  3.92  4.54% 4.83%
Methane 82.51 87.46 85.70 82.70
Ethane 5.60 4.67 4,66 7.06
Propane 2.51 1.83 2.05 2.50
Isobutane 72 74 1.10 .69
N-Butane .78 .54 .95 .75
Iso-pentane .21 .23 .50 .16
N-pentane 14 14 .25 .12
Hexanes .20 L1 .25 .19
BTU value — - 1093 1074

Belle River Mills Field
A-1 Carbonate Wells

Mich. Cons. Gas Co.
Douglas—Schunck No. 1

Sun 0il Co.

Weiser—-Straub No. 1
Nitrogen 3.18%
Carbon Dioxide 0.23
Helium 0.12
Methane 87.21
Ethane 4,92
Propane 2.29
i-Butane 0.96
n-Butane 0.61
i-Pentane 0.25
n-Pentane 0.12
Hexane 0.09
Hydrogen __0.02

100.00%

Calculated Heating Value BTU/SCF 1079

Calculated Specific Gravity 0.650

Gallons Liquid /MCF 1.31

Marine City, South, Field

Wing Brothers
Warrington and Kiddle No. 1

Nitrogen 4,647
Carbon Dioxide .00
Helium .18
Methane 87.04
Ethane 4,59
Propane 1.80
i-Butane .64
n-Butane 42
i-Pentane .48
n-Pentane .18
Hexane .03
100.00%
Calculated Heating Value BTU/SCF 1052
Specific Gravity .643
Gallons Liquid /MCF 1.11

Gas analysis for the Alpine field, a par-

tially salt plugged reef is as follows:

Volume Percent
Carbon Dioxide 0.80
Hydrogen Sulfide .19 gr./ 100 cu. ft.

Nitrogen 3.21%
Carbon Dioxide 0.23
Helium 0.12
Methane 87.09
Ethane 4.80
Propane 2.38
i-Butane 1.11
n-Butane 0.67
i-Pentane 0.23
n-Pentane 0.10
Hexane 0.04
Hydrogen 0.02
100.00%
Calculated Heating Value BTU/SCF 1059
Calculated Specific Gravity 0.651
Gallons Liquid /MCF 1.37
Humble 0il Co.
Wilson No. 2
Nitrogen 3.13%
Carbon Dioxide 0.24
Helium 0.12
Methane 86.60
Ethane 5.07
Propane 2.48
i-Butane 1.08
n-Butane 0.68
i-Pentane 0.29
n-Pentane 0.15
Hexane 0.14
Hydrogen 0.02
100.007%
Calculated Heating Value BTU/SCF 1092
Calculated Specific Gravity 0.658
Gallons Liquid /MCF 1.45
Belle River Mills Field
Niagaran reef wells
Mich. Cons. Gas Co.
Buczkowski No. 2
Nitrogen 3.02%
Carbon Dioxide 0.24
Helium J.12
Methane 87.46
Ethane 4.71
Propane 2.14
i-Butane 1.01
n-Butane 0.65
i-Pentane 0.30
n-Pentane 0.16
Hexane 0.17
Hydrogen 0.02
100.00
Calculated Heating Value BTU/SCF 1085
Calculated Specific Gravity 0.652
Gallons Liquid /MCF 1.37

Nitrogen (including
all inerts) 2.80

Methane 86.07
Ethane 5.33
Propane 2.36
Butane 1.82
Pentane 1.12
Cgt —
100.007%
Mercaptans 21.9 ppm.
Sp. Gr. (air = 1) 0.6680
BTU/cu. ft.: Gross 1151
Net 1042 N

(600F and 30.6" Hq.)
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Other synchronous structures associated
with buried Niagaran reefs are also found else-
where around the southern edge of the basin.
Several pinnacle reefs near the northern end of
the Albion-Scipio trend in Calhoun County also
are reflected in beds as high as the Mississip-
pian Sunbury Shale. The Partello reef is loca-
ted a few miles to the east of the Cal-Lee part
of the trend. Synchronous structural closures
associated with this reef are shown in Figures
10 and 11.

The discovery well, drilled on the basis
of a gravity anomaly, penetrated about 470 feet
of Niagaran section overlying the Clinton.
Three additional wells penetrated 260 to 275
feet of section above the Clinton. Other wells
were not drilled to the Clinton but were struc~
turally low on the Niagaran top. The trend of
this reef, possibly a multi-closure structure,
is north-northwest. Other reefs in the Cal-Lee
area to the west also have this general orien-
tation. Gas is contained in the reef section
and A-1 Carbonate.

The A-1 Evaporite, an anhydrite bed, is
not present or identifiable in the vicinity of
the Partello reef. The A-1 Carbonate is about
60 feet thick off reef, but progressively thins
against the flanks of the reef and is about 10
feet thick on the crest. The A-2 Evaporite
overlying the reef is largely anhydrite ranging
from about 25 to 70 feet thick. The thicker
intervals are on the southwest side and near
the crest of the structure. The A-2 Carbonate
overlying the A-2 Evaporite is about 210 feet
thick off-reef but progressively thins to as
little as 102 feet on the crest. The B Evapor-
ite overlying the A-2 Carbonate is about 110
feet thick off-reef. This unit which contains
salt, thin anhydrites and dolomite stringers
off-reef, also thins to as little as 86 feet on
the higher part of the structure.

The C Unit shale is about 60 feet thick
over the highest part of the reef (SE SE Sec-
tion 12) but thickens off-reef to about 95
feet. Three off-reef wells have an extra sec-
tion of C Unit about 30 feet thick. The extra
C Unit shale is younger than the main interval
of C but older than the overlying E Unit. The
intervening D Evaporite is not present this
near the inner margin of the reef complex.
Structural closure and thinning over the crest
of the reef is evident in other Salima units
above the C Unit shale and as high strati-
graphically as the Mississippian Sunbury shale.

The East Pullman field, Allegan County,
illustrates another coincidence of Niagaran
reefs with structural closure in Devonian and
Mississippian rocks. The field, first drilled
and developed as a Traverse oil pool in 1949,
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is located well outside the area of Salina salt
occurrence. The depositional edge of the Sal-
ina A-1, A-2, and B Evaporite units is repre-
sented by relatively thin anhydrite beds, most
of which can be identified in samples and on
mechanical logs.

The response of Salina units to the topo-
graphic expression of the reef beneath the East
Pullman field is similar to that of the Salina
units over the reefs in St. Clair and Macomb
Counties, the difference being mainly the ab-
sence of salt in the East Pullman area. The
first Niagaran well drilled in this field was
located high on the Traverse structure (Figure
12), and was drilled into rocks commonly called )
"Clinton" in this region. Over 725 feet of
Niagaran section was logged in this hole com-
pared to about 475 feet of Niagaran logged in
the Berlin reef, one of the taller reefs in St.
Clair County. Other Niagaran tests encountered
a shorter and structurally lower Niagaran sec-
tion. The reef is water-filled; gas is con-
tained in the A-2 Carbonate interval. Initial
production from the discovery well was gauged
at 4,800 MCF per day.

Subsequent Silurian tests drilled on vari-
ous parts of the Traverse structure confirm the
coincidence of Devonian and Mississippian clo-
sures related to reefing. Off-reef the A-1
Evaperite and A-1 Carbonate have normal thick-
ness for this part of the basin, but they pinch
out against the flank of the reef and are not
present on the crest. The A-2 Evaporite, an
anhydrite, also thins against the reef and is
not present on the higher parts. The A-2 Carbo-
nate (generally divided in this region into two
units, an upper "A-2 dolomite” and a lower "A-2
limestone") is well developed off-reef. But
over the reef it thins, principally by pinch~out
of the lower unit and by some thinning in the
upper part. Other units of the Salina, the B
Evaporite equivalent, the C, E, F, and "G" units
are represented off-reef by thicknesses normal
for the region. However, over the reef all
units from about the middle of the C unit up-
ward are absent and appear to have been trun-
cated by post-Bass Islands erosion. The rela-
tionship of Salina units and the truncation of
these units over the reef are illustrated in
Figure 12. Other interpretations, unpublished,
explain Salina unit - Niagaran stratigraphic
relationships to: interfingering of Salina
units with the Niagaran reef, or to burial of
the reef and non-deposition of Salina units
younger than A-2 Carbonate.

SALT-CORED ANTICLINES

Anticlines with salt cores occur in Michi-
gan's Salina rocks. The structures owe their
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existence to local, more or less lenticular
masses of Salina salt. The base of the salt
mass is often flat, or nearly so. The upper
surface of the salt is domed, thus imparting
structure to overlying formations. The salt
mass does not perforate and extend upward
through the covering rock. Most, but not all,
are related to the salt mass of the A-1 Evapor-
ite. Some Salina oil and gas pools are located
on structures caused by underlying salt lenses.
Such structures have been referred to as syn-
chronous highs; many of them are diastrophic in
origin (Scholten, 1959). 1In Michigan, such
structures have been called pseudoanticlines,
and their origin has been related to salt solu-
tion. The latter view prevails for such struc-
tures in Michigan.

The seemingly abrupt termination or thin-
ning of various Salina salt beds and the occur-
rence of isolated lenses of salt in supposedly
salt-free areas have led many to conclude that
most, if not all, salt-cored structures in Mich-
igan are due to removal of salt by circulating
ground waters. Extensive outcrops of Upper
Silurian and lower ‘Middle Devonian breccia in the
Straits of Mackinac region, as well as intra-
formational breccia seen in some Upper Silurian
rocks in the southern sector of the basin, is
perhaps the most convincing evidence supporting
this theory. In the subsurface, variations in
structure and rock thickness above and below
salt beds, abnormal and variable dips, fractures,
small faults, and breccia found in some well
cores lend further support to the concept of
solution and subsequent collapse or subsidence
of overlying strata.

Leaching and removal of Salina salt beds,
locally and regionally, appears to be wide-
spread particularly along the depositional edge.
Numerous collapse structures occur in southwest
Ontario (Sanford, 1965). Some are concentric
and elongated; some occur above small bioberm
reefs. Others are not related to reefs. Some
of the elongated collapse features are said to
have resulted from leaching of salt along major
joint or fault planes. According to Sanford
(1965), the process of salt leaching occurred
at various times from soon after initial salt
depesition to post-Upper Devonian time. The
process varied considerably from one region to
another. In the Michigan area of the basin,
similar salt—-free areas occur. Here, the
leaching or subsidence also varied from one
region to another, but within the same general
time range as in Ontario.

Solution of salt is believed to have led
to the formation of caves within the salt beds.
The collapse of their roofs produced breccia
and large down-faulted blocks with varying ab-
normal dips. Adjacent to these collapse areas,
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other remaining masses of salt-formed hills or
i{slands. Structures in rocks overlying these

salt prominences were called pseudostructures

or pseudoanticlines (Landes, 1948).

Stanton (1966), who studied solution brec-
cias in cores, suggests that cavern formation
and roof collapse, although probably a common
mode of brecciation at very shallow depths, may
be relatively unimportant in the development of
solution breccias observed in evaporite depos-
its. A study of solution breccias, in which all
stages of breccia development were preserved,
indicated that during brecciation gradual sub-
sidence, evaporite flowage, and small scale
precipitation may occur simultaneously with
gross evaporite removal.

A core description for a well drilled in
the Overisel gas storage pool, a salt cored
structure, describes solution-brecciation char-
acteristics similar to those cited and figured
by Stanton. This well, Permit No. 23134, Con-
sumers Power Company - CPC No. 7, was cored in
the Salina F Evaporite and E Unit, and in the B
Evaporite equivalent - A-2 Carbonate intervals.
The well is located in the NE NW, Section 27,
T. 14 N., R. 14 W., on the higher part of the
structure (Figure 21), and reached total depth
in the lower part of the A-2 Carbonate.

Cores of the A-1 and A-2 Carbonates, and
other Salina units frequently show small frac-
tures, sometimes filled with salt or anhydrite.
Many are in thin bands and apparently intra-
formational. Parts of cored intervals often
show "pull-apart" structure and contortion of
bedding planes suggesting deformation prior to
complete induration of sediments. Other cores
showing salt-filled fissures indicate that salt
was squeezed into the fissures after complete
induration of the sediment. Most of the above
features could be used to support a solution-
collapse theory, but they are equally supportive
of deformation, or solution subsidence.

Collapse structures or pseudoanticlines
have been described by Landes (1948) for parts
of St. Clair County, eastern Michigan. In Dia-
mond Crystal Salt Company's cluster of wells in
Section 31, T. 5 N., R. 17 E., the driller's log
of well No. 12 showed at least 120 feet of salt
above the base of the F Unit, as then defined.
Comparison of the driller's log with samples of
nearby wells showed that all but the basal 20
feet of F salt had been leached. The struc-
tural data for the top of the Bass Islands rock
suggested that the upper Salina and Bass Islands
rocks overlaid a hill of unleached F Salt. Ex-
tensive drilling in St. Clair, Macomb, and other
counties in recent years has disclosed a number
of other localities with anomalous thicknesses
of Salina salt.

Anomalous salt thicknesses similar to
those in the Diamond Crystal Salt Company clus-—
ter of wells occur about 14 miles northwest of
the previously-mentioned pseudoanticline. The
first well drilled in this area was drilled on
a gravity anomaly which presumably outlined a
Niagaran reef. No reef was found, but anomalous
thicknesses of Salina salt units were encount-
ered. Because the absence of salt and the
apparent gravity anomaly might be associated
with an underlying reef, further tests were
eventually drilled. None encountered a reef,
but other anomalous salt sections in the area
were confirmed. Two additional wells were even-—
tually drilled in the immediate vicinity. Sal-
ina subdivisions such as the G, E, C, A-2, and
A-1 Carbonates are clearly identified on the
logs of the three wells. Data for them are
shown in Figure 13 and in Figure 1l4. The salt
units, where present, are readily identified.
Where salt is absent, shales, thin dolomites,
and thin anhydrites are indicated.

The first well drilled in this area was
well B, a Niagaran reef prospect. In this well
most of the F Evaporite salt beds, the D Evap-
orite salt, and most of the B Evaporite salts
are missing. The thickness of A-2 Evaporite
salt is normal for this area, as is the thick-
ness of the A-1 Evaporite anhydrite. The second
exploratory well, A, is located about 1880 feet
northeast of well B. 1In this well, no salt was
encountered. The third well, C, was drilled
about 990 feet southeast of well B. It encoun-
tered F Evaporite salts 1, 2, and 3; the D, B,
and A-2 Evaporite salts; and the A-1 Evaporite
anhydrite. The Salina sequence in well C com-
pares favorably with other wells drilled sev-
eral miles away. It is considered to have a
normal salt sequence for this area of the basin.

The oldest formation top penetrated in the
three wells is the Clinton. Datums on this
surface reflect the regional dip to the north-
west. The top of the Niagaran has a lesser
slope in the same direction, the difference
being an increased thickness. The structure in
Salina units is due primarily to the difference
in salt thickness in wells A, B, and C. Ab-
sence or thinning of salt units, differences in
datums, and mixed well cuttings suggesting brec-
ciation neither prove nor disprove solution-
collapse theory. Rotary well cuttings provide
few clues to the nature of the Salina section
in these wells because of current drilling
practices using minimum drilling mud concentra-
tions. The well cuttings are too mixed and
contaminated to provide a reliable segquence of
rock strata.

Anomalous salt thicknesses as noted above,
and the occurrence of small, salt-core struc-—
tures can be accounted for by simple sclution

and gradual subsidence mechanisms, or by the
autonomous isostatic movement of salt. The
term 'halo-kinesis" has been proposed as a col-
lective term for all processes connected caus-
ally with the autonomous isostatic movement of
salt. Halo-kinetic structures contrast with
halo-tectonic structures which originate pre-
dominantly as a result of compressive tectonic
forces (Trusheim, 1960).

According to Trusheim, the development of
a salt structure normally began with a "salt
pillow" stage. The salt pillow consists of a
plani-convex accumulation of salt, at first
hourglass-shape, later dome-shaped and usually
symetrical. Migration of salt into these pil-
lows takes place from sides inward. The mass
displacement of salt causes the covering beds
to subside at the periphery of the salt pillow,
thus causing primary peripheral sinks. The
subsidence at the sea bottom surface is compen-—
sated by leveling sedimentation which fills in
the sinks. Strata in the peripheral sink de-
creases in thickness toward the salt pillow.
If the supply of salt is limited or interrupted,
pillow development may be arrested for variable
periods of time. With a sufficient supply of
salt, the pillow continues to grow, its flanks
become steeper until finally, the salt breaks
through the upper confining layers of rock. At
the piercement or diapir stage, salt movement
becomes predominantly vertical.

Salina oil and gas pools related to salt
structures are found in Allegan County. Detail
geological studies of the eight known pools of
this type suggest that all are due to salt flow-
age and subsidence rather than solution and
collapse mechanisms. All are near the deposi-
tional edge of the Salina evaporite units; and
all are related to the A-1 Evaporite salt.

The depositional edge of the A-1 Evaporite
extends into Allegan County. In the northern
part it is a salt bed; to the south the salt
grades into a thin anhydrite. The A-2 Evapor-
ite is represented in this area by a thin anhy-
drite bed, continuous basinward into salt. The
B, D, and F Evaporites do not extend into this
area as salt beds. The salt structures are lo-
cated near the salt-anhydrite transition bound-
ary of the A-1 Evaporite. The orientation of
the larger structures approximates the strike
of the A-1 Evaporite depositional edge in this
part of the basin.

All the Allegan County Silurian pools have
been found by deeper drilling om Devonian "Tra-
verse limestone" anticlines. Silurian reservoir
rocks include: A-1l Carbonate, A-2 Carbonate,
part of the B Evaporite equivalent, and in one
field, a porous dolomite in the E Unit. The
pools vary in size and shape, amount of relief,
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Well A

Permit No. 2

McClure 0il Company
Gingrich No. 1

SE SE SW 30, T.7N, R.16E SE NW NW 31, T.7N, R.16E NW SE NW 31, T.7N, R.16E

Elevation KB 690

4210

Elevation KB 697

Well B
Permit No.
Sun 0il Company

J. De Porre No. 1

19556

Well C
Permit No.
Gifford 0il & Gas Company
Burns-Colter No. 1

25670

Elevation KB 703

Thickness Depth Datum Thickness Depth Datum Thickness Depth Datum
Dundee - 1020 (- 330) - 1011 (- 314) - 1013 (- 310)
Bass Islands 913 1662 (- 972) 568 1642 (- 945) 295 1655 (- 952)
G Unit 23 2575 (-1885) 34 2210 (-1513) 20 1950 (-1247)
F Evaporite 277 2598 (-1908) 302 2244 (-1547) 438 1970 (-1267)
E Unit 123 2875 (-2185) 113 2546 (-1849) 102 2408 (-1705)
D Evaporite - - - - - - 39 2510 (-1807)
C Unit 57 2998 (-2308) 62 2668 (-1971) 59 2549 (-1846)
B Evaporite 77 3055 (-2365) 180 2730 (-2033) 322 2608 (-1905)
A-2 Carbonate 146 3132  (-2442) 154 2910 (-2213) 136 2930 (-2227)
A-2 Evaporite 15 3278 (-2588) 234 3064 (-2367) 230 3066 (-2363)
A-1 Carbonate 107 3293 (-2603) 105 3298 (-2601) 109 3296 (-2593)
A-1 Evaporite 19 3400 (-2710) 17 3403 (-2706) 21 3405 (-2702)
Niagaran 89 3419 (-2729) 88 3420 (-2723) 77 3426 (-2723)
Clinton - 3508 (-2818) - 3508 (-2811) ~ 3503 (-2800)
Dundee to Bass Islands 642 631 642
Dundee to G Unit 1555 1199 937
Dundee to Clinton 2488 2497 2490

Cored Interval 3418 to 3443

3369 to 3554 3336 to 3456

Figure 13. Anomalous salt thickness in St. Clair County wells.

and in reservoir characteristics, but are suf-
ficiently similar in other geological aspects
to warrant a few general conclusions.

Silurian oil and gas pools coinciding
with Devonian "Traverse limestone' structures
related to localized salt masses beneath A-1
Carbonate are shown on the following chart:

Field Pool Product
Dorr Traverse limestone 0il
Detroit River 0il & Gas
A-2 Carbonate 0il & Gas
A-1 Carbonate 0il & Gas
Fillmore Traverse limestone 0il
A-2 Carbonate Gas
A-1 Carbonate Gas
Hilliards Traverse limestone 0il
A-1 Carbonate Gas
Hopkins,
West Traverse limestone O0il
A-2 Carbonate 0il
A~1 Carbonate 0il
Overisel Traverse limestone 0il
A-2 Carbonate Gas
Salem Traverse limestone 0il
Detroit River Gas
A-2 Carbonate Gas
Wayland Traverse limestone 0il
A-1 Carbonate 0il
Zeeland A~2 Carbonate Gas
A-1 Carbonate 01l
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Larger structures in Allegan County such
as Overisel, Fillmore, Salem, and others are
salt cored. Wells drilled on the higher parts
of these closures penetrate A-1 Evaporite salt
between the overlying A-1 Carbonate and the
underlying Niagaran rock. Wells drilled off-
structure encounter a thinner salt section, or
none at all. Wells drilled clearly off-struc-
ture penetrate a relatively thin anhydrite
rather than salt. The salt mass is about 150
feet thick beneath the Overisel structure and
about 100 to 186 feet thick beneath the Salem
field, a multi-closure structure. Off struc-
ture the anhydrite is about 15 to 20 feet thick.

Unfortunately, few wells on structure are
drilled completely through the salt mass. Most
development wells, if reservoir rocks are A-1
Carbonate, are bottomed out near the base of
the reservoir rock or else in the top of the
underlying salt. Wells drilled off structure
are more often drilled into the A-1 Evaporite
anhydrite, or into the Niagaran. Knowledge of
the shape and distribution of the salt mass is
obtained indirectly from A-1 Carbonate struc-
ture and thickness data. The amount of A-1
Carbonate structural closure approximates the
known thicknesses of salt beneath these struc-
tures.

In those fields where enough Silurian
tests have been drilled and reliable geological
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Figure 14, Salt structure, St. Clair County.
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data is available, structural closure is evi-
dent in many formations .as young as the Cold-
water ''red-rock", a Mississippian marker bed.
Repetition of log curves and near uniform thick-
ness values for Salina units other than the A-1
Evaporite salt show the relationship of Silur-
ian rocks on and off structure. Similarity of
structure in formations above the A-1 Evaporite,
and a gradual decrease in structure and thick-
ness in successively higher units, suggests
intermittent deformation and salt flowage as

the main mechanisms acting to form these small,
salt~cored structures.

Structural relationships between Salina
formations and younger rocks are illustrated by
contour maps for the Wayland, Fillmore, and
Overisel fields. These fields are similar to
other salt structures cited.

The Wayland field is on one of several
anticlinal features in the northeastern part of
Allegan County. The Traverse oil pool was dis-
covered in 1944; the Salina A-1 Carbonate pool
in 1960. The field configuration of the origi-
nal Traverse pool is shown in Figure 15. Struc-
ture contours on selected formations penetrated
by Silurian tests drilled since 1960 are shown
in Figures 16 and 17. They confirm the struec-
tural similarities between Silurian, Devonian,
and Mississippian marker beds. The Traverse
structure to the northwest (North Wayland),
underlying the village of Wayland, has not been
tested for Silurian production on the higher
part of the closure.

The Fillmore field is a multi~-closure,
linear structure located in Allegan and Ottawa
Counties. The Traverse oil pool was discovered
in 1938; the Salina A-2 and A-1 Carbonate gas
pools in 1956. The configuration of the origi-
nal Traverse pool is shown in Figure 18. Fewer
Silurian tests have been drilled on this struc-—
ture because of wider well spacing. Neverthe-
less, the structural similarities between Silu-
rian and Devonian rocks are evident. Structural
data for this field are shown in Figures 19 and
20.

The Overisel field is a large, palmate-
shaped structure extending over several square
miles. The main Traverse pool was discovered
in 1938; ‘the Salina A-2 Carbonate gas pool in
1956. The A-2 pool is now a gas storage reser-
voir. About 187 wells have been drilled to
Silurian rocks in this pool. The structure
maps in Figure 21 show the configuration of the
closures during an early stage of field devel-
opment. The generalized cross section shows
the relationship between the A-1 Evaporite salt
and the overlying Salina units.

32

In the Overisel field as well as in other
fields in the vicinity, the A-2 Carbonate is
called A-2 dolomite. The top of the A-2 dolo-
mite as originally called is a part of the B
Evaporite equivalent. Gas is produced from
dolomites in the lower part of the B Evaporite
equivalent and the upper part of the A-2 Carbo-
nate. The reservoir section is a light tan to
buff, finely crystalline dolomite interbedded
with thin layers of anhydrite. The thickness
of the producing interval totals 50 to 60 feet,
but usually not more than half the section is
permeable.

The porosity in the pay section is inter-
crystalline and little solution porosity, ex-
cept for some isolated vugs, has been observed.
Porosities measured in those parts of the sec-
tion having a permeability of 0.1 md. or more
range from a minimum of 2.6 percent to a maxi-
mum of about 22.2 percent. The permeability of
the dolomite within the reservoir section
ranges from 0.1 md. to a maximum of 29.0 md.
Permeable lenses are separated by beds of low
permeability or by anhydrite having no perme-
ability. The producing section also has an
interstitial water content of approximately 29
percent (Fruechtenicht, 1960). Though specific
data are not available, reservoir characteris-
tics of other Salina pools in the Allegan area
are probably similar to Overisel,

The following data compares some Overisel
A-2 reservoir characteristics with those of the

Salem A-2 reservoir in the township to the east.

The analysis is based on 50 wells in each pool.

Overisel Salem
Average porosity of
gas pays 10.87% 11.3%
Average permeability
of gas pays 2.04md 2.09md
Estimated original 67,000,000 57,272,000
reserves MCF MCF

Gas analysis for the overisel and Salem
Salina A-2 Carbonate gas pools are as follows:

Average Gas Analysis (Mole%)

Overisel Salem

Nitrogen 4.37 5.4
Helium 0.08 0.0
Carbon Dioxide 0.15 0.3
Methane 84.0 80.1
Ethane 6.8 8.7
Propane 2.63 3.4
N-Butane 0.66 0.75
Isobutane 0.86 1.1
Pentanes 0.28 0.3
Hexanes 0.13 0.14
Heptanes 0.03 0.06
100.00 100.00

WAYLAND and NORTH WAYLAND

TRAVERSE LIMESTONE OIL POOLS
WAYLAND TOWNSHIP, ALLEGAN COUNTY

|
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|
|
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\A-] CARBONATE TEST
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A-1 CARBONATE POOL
BENEATH THiIS STRUCTURE

4} MILE
-
| o
—%?—— 1
| . TRAVERSE LIMESTONE OIL WELL
<+ DRY HOLE

MOST SILURIAN OR DEEPER TESTS AREINOT SHOWN

1

—

Figure 15.

|

Wayland Field, Allegan County.
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WAYLAND FIELD
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Figure 16. Wayland Field, Allegan County.’

Figure 17. Wayland Field, Allegan County.
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FIII_LMORE FIELD

STRUCTURE CONTOURS ON TO
OF TRAVERSE LIMESTONE

P

CI) l/tZ : MILE
. ' ] CONTOUR INTERVAL: |10 FEET
SALINA A-2 and A-1 CARBONATE
GAS WELLS NOT INCLUDED
) TRAVERSE LIMESTONE OIL WELL =
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SECTIONS
N\ OTTAWA COUNTY A\
s ALLEGAN COUNTY 9
~ 2 \' T.4N,RI5W. %\
|
&/ Ky - Iy
Figure 18. Fillmore Field, Allegan and Ottawa Counties.
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FILLMORE FIELD
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Figure 20.

Fillmore Field, Allegan and Ottawa Counties.
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The specific gravities of Overisel and
Salem gas are, respectively, .666 and .693.
Heating values in BTU/SCF are 1090 and 1110.

0IL AND GAS POOL TABLES

The oil and gas pools listed in Table 1
include all Silurian pools discovered through
1966. The tables were compiled from statisti-
cal summaries published by the Geological Sur-
vey Division, Michigan Department of Conserva-
tion. Most of these pools are shown on the
0il field map, Figure 22.

In the "Year of Discovery' column, the
year shown is that of the initial Silurian
pool discovery-well for the field. This is
pointed out because a few fields, Boyd and
Peters for example, were classified for several
years as "one-well" gas fields. Later, oil
wells were drilled in these fields, and the
first oil well completed as a producer was
credited as a new oil discovery for the field
even though completed in the same reservoir
rocks.

In those fields listed as producing from
Salina-Niagaran, gas and/or oil is produced
from Salina reservoir rocks as well as Niagaran
reservoirs. Some of the wells are completed in
the Niagaran, others in the A-1 Carbonate, and
others dual completed in both reservoirs. Pro-
duction from A-1 Carbonate and Niagaran rocks
is lumped together and shown in the "Cumulative
Production'" column.

Fields listed as ''shut in' are so classi-
fied due to lack of pipe line facilities at the
time of this compilatiorn. Some of the fields
are currently subject to gas/oil proration
regulations and others have been in the past.
Proration regulations may be altered as war-
ranted by changing reservoir conditions.

Special well spacing and drilling unit
regulations are currently applied to some of
the fields. Drilling units vary from the pre-
vious standard or minimum 10 acre units, to
units of 20, 40, 80, 160, or 320 acres per
well. Minimum drilling units are now 40 acre
tracts. The acreage figures assigned to gas
storage reservoirs are generally the acreage
designated prior to conversion of the field to
gas storage and does not relate to gas storage
area boundaries.

Gas Storage Reservoirs. Prior to 1960 all of
Michigan's gas storage reservoirs were located
in the central part of the state where most of
the Michigan Stray (Mississippian) gas fields
occur. Here the storage reservoir rocks are
the Michigan Stray sandstone. The discovery
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and development of Silurian gas pools such as
Overisel in the southwest part of the state in
1956 opened the possibilities of gas storage
reservoirs in areas closer to populaticn and
industrial centers. Since then a number of
Salina gas pools and Niagaran reef pools have
been converted to storage reservoirs. General
information on these reservoirs is shown on
the accompanying Tables. Other Silurian pools
will probably be converted to storage in future
years.

FUTURE SILURIAN PROSPECTS

The Silurian rocks of Michigan, except for
local areas, are virtually unexplored. Practi-
cally all the Silurian tests have been made
around the southern edge of the basin and in
the southeastern part of the state where these
rocks are at a relatively shallow depth. Most
of the more productive reefs have been found
in this region, so most exploration for them
is concentrated there. Reefs have been found
at other places around the basin margin, but
few of them have been as productive of oil or
gas as those in the St. Clair-Macomb County
region. Large areas around the basin rim have
not been explored. It seems probable that
other productive reef areas will eventually be
established.

Because of the lack of Silurian informa-
tion for most of the deeper part of the basin,
little can be said about the oil and gas
potential., The basin Niagaran facies appears
to be different from that of the margin reef
complex. Reef development in the deeper part
may be practically nil. Porosity traps re-
lated to up-dip sedimentary wedges are a
possibility in the Alexandrian and lower Niag-
aran "Clinton" section. One gas field of this
kind, in "Brown Niagaran" rocks, has been
found.

Gas entrapment in the Capac field, St.
Clair County, appears related to an up-dip,
porosity-permeability pinchout possibly due to
salt plugging, a change in sediment facies, or
both. Other fields with this type of trap may
exist elsewhere around the edge of the basin.
The Capac field is about two miles wide and
extends about eight miles in a north-south
direction. The area covered by the field, about
6200 acres, results from the consolidation of
the Lynn, North Capac, and South Capac fields
with the Capac field. These fields were consol-
idated in 1963 and 1964 for administrative and
statistical handling rather than from a gas
production aspect. Well spacing and drilling
units are 160 and 320 acre units per well. On
this basis, the several productive areas have
been essentially joined together by development
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drilling. About 50 wells have been declared

productive in the field, but the bulk of the

gas production has come from several wells in
the original Capac field area.

Reservoir rocks are the "Brown Niagaran"
section underlying the A-1 Evaporite. The top
of the Niagaran is about 500 feet higher on the
updip, south edge of the field than at the
northern edge. Contours on the Niagaran sur-
face indicate slight undulations and a gradual
basinward dip. No unusual topographic features
that can be interpreted as reef are evident,
yet the southern edge of this field is but a
few miles from known reefs such as Berlin. Por-
osity and permeability figures, not available
for publication at this time, indicate con-
siderable variation within the field. There is
evidence of low permeability barriers between
different parts of the field thus indicating
inhomogenous reservoir conditions.

The origin of salt structures in the Mich-
igan Basin is probably more complex than sug-
gested. Some are relested to solution of salt
and gradual subsidence of overlying beds.

Others are related to salt flowage or migration.
Solution of Salina salt beds and collapse of
overlying rock has also occurred around the
edge of the basin as shown by the Mackinac
Breccia in the Straits of Mackinac region.

Small, salt-cored structures are found
along the depositional edge of the Salina salt
beds. Deformation, perhaps related in part to
basin subsidence, caused downwarping of A-1
Carbonate beds. Contemporaneous sedimentation
and intermittent deformation ultimately pinched-
off relatively small areas of salt which became
localized beneath anticlinal folds. The pro-
cess was probably modified in places by periods
of solution and subsidence.

Little data is available on the possibil-
ities of Salina salt structures beneath pro-
minent Devonian anticlinal trends in the
deeper parts of the basin, though salt struc-
tures coincident with Devonian structures on
the shallow basin margin seems well establish-
ed. Regional deformation and gradual subsi-
dence of the basin interior during Salina and
later times probably caused differential
movement of formations within the Salina se-
quence. Subsidence of the basin may have
resulted in partial detachment and gliding of
Salina rocks down-dip along the basal A-1
Evapcorite-Niagaran contact. Thus fold systems,
fracture systems, and interformational breccias
formed in this way may have no relationship to
underlying Niagaran structures, or to those
overlying the Salina.

None of the large anticlinal trends in the
central part of the basin have been adequately
tested for oil and gas in Silurian and older
rocks. On anticlinal trends where such Devonian
fields as Vernon, Wise, Mt. Pleasant, Porter
and others are located, Silurian tests are few,
widely dispersed, and do not define the rela-
tionship between Salina salt beds and structure
in the overlying and underlying formatioms.
Most have encountered small shows of oil or gas
in Salina reservoir rocks, but much of the pore
space is salt-plugged.

Salina gas has been found on one central
basin structure, the Kawkawlin field in Bay
County. In 1941, Gulf Refining Company's No. 1
Bateson, Section 2, T 14 N, R 4 E, encountered
gas in the upper part of the A-1 Carbonate at a
depth of about 7,778 feet. The well eventually
blew—out and caught fire. Data on the A-1
Carbonate gas pay follows:

Highest Registered Pressures
Bottom hole (by pressure bomb) 4,950 psi

Well head 4,050 psi
Open flow capacity
by pitot tube 5,000 MCF
by Bureau of Mines method 7,000 MCF
1,800 pounds pressure build-up
in 2 hours
Gas analysis
S.g. ___:7262
COop 3.57 7%
CHy, 73.78 %
CoHg 22.23 %
N, 42 7
100.00 %
Calculated BTU 1,147 BTU
Condensate produced with gas  57°A.P.I.

An undetermined amount of gas and conden-
sate was produced before the well was plugged
back and completed as a Devonian Dundee oil
well. A second well was drilled about one mile
northwest and higher on the Devonian structure.
No shows were found in the Salina and the well
was abandoned. No further Silurian tests have
been drilled on the Kawkawlin structure.

Prominent anticlinal structures such as
Kawkawlin in Bay County may eventually yield
gas and oil from Salina rocks. Whether or not
reefs are associated wthh these structures is
yet to be determined. Many of them may be
partially related to salt structure.

Michigan salt structures are capable of
trapping oil and gas whether they originate as
pseudoanticlines caused by solution of salt
and collapse of overlying rock, or, as
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salt-cored structures caused by salt flowage or
deformation. The salt structures of Allegan
County are typical. Large unexplored areas
around the perimeter as well as in the interior
of the basin afford potential for oil and gas
traps related to Silurian salt structure. The
distribution of known salt structures in rela-
tion to other oil and gas pools in the southern
half of the Southern Peninsula is shown on the
0il and gas field map.

In some areas of the basin as the Howell
and Northville anticlines, a part of the Wash-
tenaw Anticlinorium (Figure 22), structural
closure occurs in Ordovician, Silurian, Devon-
ian, and Mississippian formations. Structural
closure is modified by presence of reefs and
absence of salt. At least one pinnacle reef
appears related to the Northville anticline,
and a reef mass appears associated with the
Howell field further north on the Howell struc-
ture. Absence of certain Salina salt beds is
related to non-deposition of salt, and others
to solution and removal of salt along fracture
or fault systems during the development of
these structures. Development of these large
anticlines was intermittent and continued at
least into Mississippian time. Subsurface

studies indicate that salt removal, or migra-
tion, took place as early as A-2 Carbonate
time and as late as Middle Devonian time.

In Allegan, Ottawa, Kent, Barry, and other
counties in southwest Michigan, narrow and
linear structural lows on the Traverse lime-
stone flank some of the salt structures. If
these structures are indeed due to solution
of salt and subsidence or collapse of overlying
rock, the adjacent lows may be related to fault
systems and thus potential oil and gas traps in
pre—-Salina rocks.

Gravimeter, seismograph, or subsurface
studies have been successful in locating reefs
on the basin edge. Few wells drilled on gravity
or seismic anomalies locate the reef with the
first hole. Most are located at the expense of
several dry holes. Readily accessible oil and
gas markets and the relatively shallow drilling
depths in areas of known production make the
basin edge a popular place for exploration. At
the present time, depth and drilling costs,
lack of abundant well control, and the unimpres-
sive performance of some Silurian reservoirs,
make the deeper part of the basin a less favor-
able area to explore.
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