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Commonly in the north central area of the “Thumb” district, the
interval''® between the green glauconitic layer and the eroded top of the
Napoleon sandstone is about 15 feet. The glauconite bed either rests
between two layers of hard limestone or is associated with a single layer
which is sometimes present alone. A thin series of shales separates the
limestones from the top of the Napoleon. This interval represents the
“break” described by Thomas'4,

The Marshall formation ranges from less than 150 feet to over 560
feet thick, the thickest section being found in eastern Clinton and
Gratiot counties and the Saginaw Bay region. The exact amount of
Lower Marshall is not easily determined but the Napoleon sandstone
generally contains from 80 to 100 feet*of strata, although over 200 feet
of Napoleon has been correlated in wells. The Marshall formation thins
rapidly toward the central part of the State and is generally less than
250 feet thick west of Isabella County.

The Grand Rapids series has two members, the Lower Grand Rapids
or Michigan formation, and the Upper Grand Rapids or Bayport lime-
stone. During the deposition of the series, there was an emergence in #he
early stages and a general transgression of the sea at the close. The
Michigan formation is typical of the Michigan synclinal basin area. The
beds were deposited on an wuneven surface resulting from extensive
denudation at the close of Marshall time, and at the end of the Mississip-
pian period intensive erosion again took place, cutting deeply and re-
moving large quantities of the materials laid down. A series resulted
which is extremely irregular and contains a wide variety of deposits.
The concentration of sediments and chemical precipitates in local basins
shows a close relation to structure. The thickest Michigan formation
beds are found in the synclinal areas.

The Michigan formation marks the return of conditions favorable to
evaporation and apparently isolated seas were predominant. The Basin
seems to have been cut off from outside connections for considerable
periods of time, and numerous thick deposits of anhydrite and gypsum
were the result. Bedded salt has not been reported from the formation,
although veinlets of salt have been observed.

A bed of hard, brown to buff, impure, dolomitic limestone usually
occurs at the base of the Michigan formation and separates it rather
sharply from the underlying Napoleon sandstone. The formation con-
sists largely of gray, greenish gray, and dark gray shales which are
frequently bituminous in the lower members. Sandstones occur locally in
some areas and those near the base of the series which consist largely
of reworked Marshall sands serve as an important reservoir of natural
gas in the central part of the State. Red sandstones and shales are also
tfound locally, especially in thick sections of the formation and in struc-
tural “lows.” Several types of gypsum and anhydrite occur in bedded
deposits and disseminated nodules of varying sizes. Gypsum and anhy-

drite are generally most abundant in the lower part of the formation
and occurrences of these minerals have been discussed in detail by

Grimsley'1?,

18 Kirkham, Virgil R. D., Personal communication.

4 Thomas, W, A., Op. cit,
15 Grimsley, G. P., The Gypsum of Michigan and the Plaster Industry: Geol. Survey of

Michigan, Vol. IX, Pt. 2 (1904).
Origin of Gypsum with special reference to the Origin of Michigan

Deposits: Kansas Acad, Seci., Trans., Vol. 19, pp. 110-117 (1903).
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Exposures of Michigan formation rocks are not usually well preserved
because of the readiness with which they slack and weather, The beds
come nearest the surface in Kent, Arenac, Tosco, and Ogemaw counties.
Gypsum is extensively quarried and mined in the vicinity of Alabaster,
Tosco County, ang Grand Rapids, Kent County, and the color of the
raw mineral product varies from cream white fo pink and red and the
texture from needle-like to granular. In the south part of the State in
Jackson County, Michigan series beds are thin or entirely absent, and
the Bayport limestone locally rests directly upon the Marshall sand-
stones. Where the entire Grand Rapids series is absent, the Parma sand-
stone of Pennsylvanian age has been found locally to be in direct contact
with the Marshal] with scarcely 4 perceptible Lreak,

The area where Michigan formation rocks come to the surface (see
fig. 2) has an arcuate rectangular outline with the long direction trend-
ing northwest-southeast in the central part of the State, The belt nar-
rows and widens and g locally interrupted to the southeast by the over-
lap and removal of beds caunsed by the pronounced arch in the vicinity
of Howell. This area includes about half of the southern peninsula and
the outcropping belt of soft non-resistant rocks exercised important con-
trol upon the localitieg of intensified pre-glacial erosion.

Drin cuttings from the Michigan formation are easily distinguished
by the greenish gray color and the presence of sulfates. Cores often
show fractures cemented with selenite (a mineral form of gypsum) and
evidently a large amount of adjustment in the beds has taken place as the
result of solution. The solubility of the gypsum is illustrated by the
fluted appearance of the weathered surface where it is exposed. Brecciag
or recemented fractured beds are common throughout the formation.

The thickness of the Michigan formation varies widely over small areas
and is closely related to structure. The formation may be locally absent
but generally it is from 50 to over 550 feet thick and the thickest sectiong
are largely in the centra] part of the State. The stratigraphic position
of the series is not well detormined, but Lane!6 congiders the rocks of
this age to include Keokuk, a part of the Kinderhook, and possibly the
lower St. Louis of the Illinois section. Beds which are directly equiva-
lent have not been found in Ohio and the time of emergence ig considered
to be about the cloge of Osage. Much further paleontologic study of the
faunas in the Michigan formation rocks must be carried on before the
problems of correlation can be definitely settled.

The Bayport limestone ig mapped with the Michigan formation as a
member of the Grand Rapids series, but it constitutes g distinctly sep-
arable formation although often variahle in eolor, texture, and composi-
tion. Tt containg white to light gray, dark gray, and bluish limestone,
magnesian limestone, and dolomite. Lenses of sandstone and sandy,
nodular cherty beds are locally present and in places show greenish
colors near the contact with the underlying Michigan formation. The
sand content increases toward the base and the rock passes into a white,
firm to poorly cemented, coarse grained sandstone. Intratormational
breccias and conglomerates with limestone pebbles have been observed in
cores. There is abundant evidence that the Bayport was extensively re-
worked by the Pennsylvanian sea and humerous isolated remnants and

¢ Lane, A. C., and Seaman, A, ., Notes on the Geological Section of Michigan: 10th

Ann. Rept. of Sfate Geologist. D. 84 (1909)

16L(:?lne A, C, Geological Report on Huron County: Geol. Survey of Michigan, VoI, VII, p.

900).
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layers of material from other beds resulteq. lei?srto'ne1 %gsmzr(;airgj
quently interspersed with sandstone resembling the typica
3 above. ) )
bt%fe rinajvimum thickness of the Bayport is about 100 'feet bl{t it ulgu{a;(l)ily
contains from 40 to 60 feet of strata. Expﬁsures occur in JachSf-m, ae in’
Huron, Tuscola, Arenac, and Kent counue)s, and large qugluei arThe
operation at Bayport, Huron ‘Coun’ry, and Bellevue, Eator;. oun ﬁ e
beds are highly fossiliferous in 'ghe upper part of‘ the sec 1(3611, faﬁ Phere
are some thin strata high in caleium carbonate.. The contvac 0 . he me-
stone with the white Parma sandstone ahove is not alwajf sharp,
usually there is sufficient contrast to sgparate.the formstl ions. o Dart
The Bayport limestone is pl-o}:ml_)ly equivalent n age to he pp{i) Vari}e
of the St. Louis, and the St. Genevieve limestone of the Mlssil'ilsu?})l 2 e¥
section. The beds can also be compared appyommateill}; \nbli e Wnd
part of the Maxvilie of Ohio. Iccent (.ie.te.rmlnatlons' of IyOZQgL] abe
brachiopod species snggest Warsaw &ﬂ]ll'lfles, but. thl§ Tay_ p?s‘s;rafx‘fsaw,
explained by the long range of many species occurring in yplczlt sy
beds. Tor the time heing, the Bayport is provisionally cor;re ate
upper St. Louis and St. Genevieve and may be as old as Warsaw.

PENNSYLVANTAN

The Pennsylvanian rocks of Michigan have l')een.'studled (l)nlly 1% Zflllg
limited areas. They have been isolated by erosion tl‘.om the ﬁuge :are
of coal deposition in other states zgnd ex;cept in a few sma d'?fis ave
also deeply buried by glacial material. L(;C'au_se of these C(zln fl 1 1, e
beds cannot be definitely traced from adjoining states an gunil oy
dence by which they may be (:01-1'e1.:1fed 18 meager. T!le appro;()lma e ];: "
relations of the Michigan rOC'kS'BV]ltlh ’g}ﬁl’ennsylvaman and Permia

hio g Indiana are shown in Table . ]

Ol%ll‘?leﬂsl)(flstem has three members called the I’arma,.Sag'maﬁV, tz)md IVVOe(;;i:
ville in ascending order. The Parma sandstone Wth}.l‘lS t et. asa Il)nent
ber was deposited upon an irregular land sur'face: It is sqmlf 12nes a'es o
or poorly developed. The Saginaw formation ?s.the thic (fes selarl ]iich
the Pennsylvanian and in numerous places contains beds o coat vs; e
are locally workable. The ’V'Voo_dvﬂle sandstone is usually presefnda o
top of the coal measures and is pr"obably an emergent type 70 felp ed’
forerunner to conditions of evaporation under which gypsum was fo mé d.

The P’arma sandstone is typically exposed in Jack§on County anh.t1s
named from Parma, a small town west of Jackson. The rock tl‘s w ll‘h%
quartzose, glistening sandstone, locally coarse t(‘)‘ copglome;r;aﬂllc. i
small milky white pebbles have been compared to sp}}t peas,b ef e
color is characteristic although coaly terl"estl.r-lal material has ee}Ill' ou d
and the rock is here and there stained' with Iron. Its st.rat.lgrgé) lf,'fp(i)f]
tion to the Bayport limestone below I1s an important aid 111.1 1t ﬁznfl y ag
the Parma. Reworked Bayport material I.nily I}ie :iound within the form

i his locally contributes a greenish color.
tloll‘lflealllglalfrilg has g’een recognized in numerous wells throilghl;)ut tlys}
State, and this shows that it was deposited widely. The htuc ngssh ;s
variable and seldom attains over 100 feet except where Z be ssuéo pas
filled deep valleys in the pre-Pennsylvanian land surface. ou
of Parma sandstone is usually present.

17 Kelly, W. A., Personal communication.
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Fauna has not been found to aid correlation, but the relation of the “RED,‘ EE;E;“EWS
Parma to the overlying Saginaw formation would place the age as 00— BEDS
Pottsville. The position of the beds in the stratigraphic column may be
equivalent to the Mansfield of Indianga and the Connoquenessing (Mas-
silon) ™8 sandstone of Ohio, but thig ig entirely inferential, The exact
correlation of the Parmg will be in doubt unti] some faunal occurrences o
are found within the formation or closely associated beds to more closely
fix its age.

The Saginaw formation containg the coal bearing measures of the
Michigan Basin and is composed of many beds of shale and sandstone,
These beds are usually lenticular and so limited in extent that they
cannot be traced from one locality to another. The shales are light to
dark gray and black and some of the heds have been termeq “fire clay.” sor
The sandstones are generally white to light gray and somewhat mica-
ceous, the mineral being the Light colored muscovite. Seams of siderite
(black band ore) and nodules of siderite, pyrite, and sphalerite are pres- 20l
ent. There are a few thin limestone members in the Grand Ledge area
where the most extensive Penngylvanian fauna in the State has been
found.

The widespread occurrence of the “Red Beds” and the basal sandstone
(Woodville or Tonia ?) has limited the territory underlain by the Sagi-
haw formation to an arcuate belt around the center of the State, and
thereby restricted its areal extent, Where exposed beneath the drift,
the total amount of strata is exceedingly variable due to wearing away
by ice action and erosion. The greatest reported thickness is about 500

(1] ol

18 Stout, Wilber, Personal communication.
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feet. The best exposures are in Jackson, (ienesce, Saginaw, Bay, Shia-
wassee, Ingham, Eaton, and Arenac counties, and variouns mine openings
in these areas and in Huron and Midland counties have added to the
information concerning these rocks. (See fig. 2).

The age of the formation has recently been discussed in detail by
Kelly'?, who added several new species to the sparse assortment of
fossils which occur in black shales and thin limestone beds of the Grand
Ledge region, Eaton County. He confirms the findings of White!*® and
the writings of Lane!?' by maintaining that the gene ral correlation
should be with the upper part of the Ohio P’ottsville. Faunal evidence is
reviewed which indicates that the Michigan forms were not derived from
the Ohio forms and that “the Michigan Basin may have been connected
with that of Indiana and Tllinois.” A quotation from J. Marvin Weller
states that one species (Spirifer boonensis) characterizes horizons in
Indiana and 1llinois which are probably nearly equivalent to the Lower
Mercer limestone of Ohio.

The Woodville!2? sandstone in its originally described locality at the
Woodville mine in see. 36, T.28., R.2W., Jackson County, has not proved
to be the highest member of the coal measures, as defined. A more typi-
¢al section is found between Lyons and Iomia, Tonia County, where a
heavy sandstone high up in the series is exposed. This member is a red
or brown, fairly coarse grained, cross-bedded sandstone with white or
greenish gray spots and streaks. An upper red sandstone similar to that
which oceurs near Tonia has been traced by well records across the cen-
tral counties of the State. The name of Woodville applying to a sand-
stone, which at its type locality is only a lenticular, restricted bed, prob-
ably should be dropped. A better name for the apparently persistent
basal pink or russet colored sandstone of the “Red Beds” section would
be the Ionia sandstone, suggested by Lane'®® in 1909.

A maximum thickness of 95 feet is recorded at Ionia but this much
sandstone is not common. Some of the variations in the formation are
indicated in Figure 6, which shows the probable correlation of a number
of wells across the central part of the State. The area underlain by the
Ionia sandstone is not mapped, but it prebably includes a narrow belt
which parallels the inner boundary of the Saginaw formation.

Fossils have not been found in these sandstone Deds, but Lane!?*
suspected the possibility of their being “Permo-Carboniferous” (?) in
age, or lower Conemaugh, at the earliest. Ie believed that the local
absence of the sandstone was due to the fact that it rests disconformably
on the Saginaw formation below.

“PERMO-CARBONIFEROUS” (7)

The return of aridity and other conditions favorable to evaporation is
indicated by a series including red shale, red to greenish sandy shale,
sandstone, and gypsum. These beds occur above a thick basal sandstone
and are widespread in the central part of the State. The basal sandstone

18 Kelly, W. A.. Lower Pennsylvanian Faunas from Michigan: Jour. Paleont., Vol. IV,
No. 2, pp. 1 31 (June 1930).

120 White, David, Letter quoted in Coal of Michigan: Geol. Survey of Michigan, Vol. VIII,
Pt. 2, p. 45 (1902).

120 [ane. A. (., and Seaman, A. K., Notes on the Geological Section of Michigan: Ann.
Rept. of State Geologist, pp. 87-89 (19009).

in WWinchell, Alexander, Geology, Zoology, and Botany of the Lower Peninsula: Geol. Survey
of Michigan, First Bien. Rept., pp. 114, 115; 126, 127 (1861).

12 T,ane, A. C., and Scaman, A. K., Op. cit., p. 89 (1909).

128 Tane, A, C., and Seaman, A. H., Idem, p. 89 (1909).

i

i
1
i
{
1




62 OIL AND GAS FIELDS OF MICHIGAN

member is probably equivalent to the Tonia sandstone or Woodville as
first defined. The beds are found directly beneath the glacial drift
throughout an area of about seven counties and attain a maximum re-
ported thickness of 180 feet. Exposures have not been found and the
beds remain unnamed because of their comparatively recent discovery
and the difficulty of correlation due to the apparent absence of faunal
material. Many of the layers are soft and the samples secured from
drilling operations are usually poor.

The series is provisionally given the very generalized name “Red Beds”
for identification purposes, with full appreciation that the term will
probably be inadequate. The physical characteristics of the beds seem to
compare rather closely with the Permian “Red Beds” of the southwestern
sections of the United States, but this does not in any way imply a
proposed correlation with any particular section. In fact, these strata
could include beds from Pennsylvanian to Triassic in age and still possess
practically the same lithological properties as described. The conditions
which characterize “Permo-Carboniferous” deposition were apparently
present in the restricted Michigan “basin.” However, these conditions
may have existed prior to the time that they prevailed in the typical south-
western “Red Beds” region.  This conception was proposed for other
sections of the eastern United States by Case'® upon discovery of
“Permo-Carboniferous” vertebrates in Conemaugh beds of Ohio.

There is no definite evidence at the present time to indicate that these
beds should be separated in age from the previously described Woodville
(Lonia) sandstone. The red color of the sandstone suggests aridity and
possibly other climatic conditions favorable to dessication. Perhaps
deposition was almost continucus so that no pronounced breaks occur
in the entire red series. Well samples from new drillings and cores may
bring about a better solution of this problem in the future.

The Woodville and “Red Beds” have been mapped as one complete
unit in the region penetrated by the drill in central Michigan. The shape
of the area underlain by these beds is roughly elliptical with the major
axis almost due north and south. (See fig. 2) This area is apparently
asymmetrical to the depositional “basin” and confined to the northwest
side. However, it is probable that because of their soft, plastic character
and the resemblance to certain types of red lake clay and boulder clay
these beds have not been recorded in many wells. The exact limits of the
area underlain by “Red Beds” is, therefore, not very accurately defined.

PLEISTOCENE

The Pleistocene deposits of Michigan which make up the surface mate-
rial of a large part of the State have been extensively described!26, The
work of ice in sculpturing the hard rocks and molding surface features,
acting as an agent for transporting incoherent rock debris, and serving
as a barrier for impounding great inland fresh water lakes, is the deter-

% Case, K. €., Permo-Carboniferous Conditions versus
Geol,, Vol. 26, pp. 500-506 (1918).

——, Carnegie Inst. Washington, Pub. 283, pp. 187-193 (1919).
v o Michigan Acad. Sci., 20th Ann. Rept., p. 82 (1918).

12 Leverett, Frank, and Taylor, Frank B., The Pleistocene of Indiana and Michigan and the
History of the Great Lakes: U. S. Geol. Survey, Mon. 53 (1915).

——— —-, Surface Geology and Agricultural Conditions of Michigan: Michigan
Geol. & Biol, Survey, Pub. 25 (1917).

—————, Moraines and Shore Lines of the Lake Superior Region: U. S. Geol.
Survey, Prof. Paper, 154-A (1929).

Russell, I. C., and Leverett, Frank, Ann Arbor ¥olio: U. S. Geol. Survey Folio 155 (1915).
Sherzer, W. H., Detroit Folio: TU. §. Geol. Survey Folio 205 (19165,

Permo-Carboniferous Time: Jour.

DESCRIPTIVE GEOLOGY 63

i igi ial deposits of Michigan. The
qini tor in the origin of the surficial 1 ! :
Ij{g:lliignéaxcnaterial is known as drift and may be €1ﬂv1(31" siirat}ﬁed ggdzgr
li;-ﬂ;iﬁed. Boulder clay, lake clay, sand, and gravel al? c;e?;laterials
S"q{ttered and irregularly distributed. These x.veathelet e
S(:jn ed by the receding glacier during the various mterrurp e : %f Al
(jirhvlegistence form a mantle or cover of variable 1\thlckl}ess 1?(\) ﬁz 181180; (of the
e ni ¢ \ T t known thickness 1s a
couthern peninsula. The greates thi o 100
; cford C but the thickness generally )
southeastern Wexford County, ) e & regions of
{ ' g hick drift conform closely
1o 300 feet. The areas of t 1 closely he Tegons o
i i i ses old drainage chann
high pre-glacial relief, bL}t in some ca o drain ek
e i laci Here the drift is abnormally )
filled with glacial deposits. . Oy ive cold
d ice advanced over the region because of ¢ >
targ};: lfnd retreated during relatively warm periods. 1'1[‘_he‘£<lalcc;%llalz&fbilse?
ie osits in Michigan from two of these stages are .the Tlinoi nand N
Elc;gsin kdrift sheets. The Illinoian drift was tsub]eCtdt§11éllfme iderable
. S oy . o an
t of weathering prior to the Wisconsin stag ’ ; re ed
;iloslcl)?utim; was reprecipitated in the spaces betw eelndth_e ggilsrésu elal‘tl§
resulting boulder clay, or till, as iE is S(()irr}?}flm(fga;z}’l l?y’xxletZr we(%l ety
1 i ar
somewhat hardened and is usually terme da b eally biao gray
s se it is difficult to penetrate. The color 1s g . - gra,
;I;xbdbs}(;i: contrasts distinctly with red to brown bouldtelllﬂ ciagcﬁl(lllcgl al;
;H()I'e common in the younger drift. In addition to eie ched clas
which resulted from weathering processes during the H%tfrg aicriterplaciai
dark black humous soils formed in swa,mpy_pla,ces. 1-685’, ot clgi:matic
~(‘$ils contain remains of leaves, plants, apd animals revea mbdrift imatie
bonditiovns of the time. Evidence of erosion of the Ilhn_manr : hIz) ior 1o
(;he Wisconsin stage is available from the togpgrapl}lc re.f}ce hsé oW
\%ﬂells penetrating the entire thickness of th]q dV& tlsgoglsll(;l ((11(1;1 noi Sho.w The
: i i i ift are less consolidate
deposits of Wisconsin dri ) la O i they
i i reat the earlier deposits. v,
same extensive effects of Weaihern}g as ! B et theonh th
ar hat hardened by the action Qf solutlpns w L
::gso;r;l%wgr’;ml and by the precipitation of lime, iron oxide, gt?"ér?m’??:
:cilé ebbles together. This cemented gravel, sometimes tl‘armeh'llsidegé i
sirﬁilil)ar in appearance to concrete. Tt has been founQ along hi R
b its, and in wells. ) o 7
gr:i‘x;]e; (I))I}i;’in of the Wisconsin drift s}leet has 3 coggé)l;ﬁdhcls;cﬁrr% .HedTlilIei
res ss of ice which covered the region was adjustec :
i}i((}xjgnrlrelj:tqby the depressions which existed prior to _1ts fo;“llréz(zltlg‘rrlér }CShee
cause of this conformity to the larger \(alleys,_the ice m oécu ver the
(:duntry in lobes or tongues which in thli Il)artlljcqlarair('leasaginé)w by
§ - . ] ‘ " e .
asi f Lake Michigan, Lake Huron, Lake lurie, _
}’;‘%&;;S Igbes have been call,ed the Michigan, the Saginaw, andfﬁgﬁt%)%r&?e
Erie lobes. The deposits from meltingfa,t tthe }Ece én?;;glsri) 1?12 front of the
ce 1 ' i ic . 8100
ice lobes were laid down when the ice fronts ' me at cor.
iti j i bes the quantity of m
ain p ons. At the junction of two lo X
;Z;gl’g(r)lsgltflrom melting of the ice was much larger, and t'h(?c d(;g{));lttes ;g;:,
therefor}é, much thicker in these loc_alitifﬁ. Usualbsrt;cllllg 1Brgg;hcml t-opoi
‘ called, correspond with the pre-exi gla :
Ziaf)}lﬁz r?(rizes and ,account for the rough correspondence of thick glacial
o B . .
its to the preexisting topography. ) . |
deg‘(l)]ilt;rincipalpsurface features produced by the glacl?il def;)isri’és aalfg
called terminal moraines, kames, eskers, drumlins, ground mo aine, and
outwash. The terminal moraines are knolls or ridges cons g
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boulder clay and more or less of sand and gravel. They are formed at the
margin of the ice by the accumulation of debris from melting. Kames
are modified types of terminal moraine and are usually sharp knolls or
steep conical hills within the moraine. The material is sand and gravel
rather than boulder clay. Eskers or “hogbacks” are steep, winding,
snake-like ridges, consisting of the sand and gravel deposited by streams
flowing within or at the hase of the ice mass. Drumlins are inverted
canoe-shaped hills of boulder clay, extending parallel to the ice move-
ment, and were probably molded beneath the ice. Their exact origin is
still in doubt. Ground moraine consists of the low hills and plains
of till formed beneath the ice, when the retreat was sufficiently rapid to
prevent the building of terminal moraine. Outwash is usuvally repre-
sented in the landscape by a comparafively level plain and is made up of
sand and gravel deposited by ihe sheet-like bodies of running water or
braided streams which flowed from the front of the ice. Sometimes the
deposits of outwash have a “pitted” surface because of the subsequent
melting of buried blocks of ice. The continuity of these glacial features
is determined by the position of the several ice lobes when they were
formed. The various morainic systems have been traced out in detail and
given local names. They are fully described and shown by means of maps
in the comprehensive reports on the glacial geology of Michigan?2?,

Surface deposits indirectly caused by the continental glacier were laid
down in the glacial lakes formed when retreats and advances of the ice
diverted and choked drainage so as to impound the water. These lakes
attained different forms and sizes near the close of Wisconsin glaciation
as the ice lobes retreated into their respective basins. The elevations at
which their waters stood were closely related to the numerous changes in
outlet. At different times the lakes were drained by the Fort Wayne out-
let and the Wabagh River; the Chicago outlet and the Ilinois River; the
Imlay outlet westward across Michigan and thence to the Chicago out-
let; the Grand River outlet across Michigan to Lake Chicago which then
occupied the southern end of the present Lake Michigan; the Ubley outlet
across the “Thumb” to Lake Saginaw, and the Grand River outlet to
Lake Chicago; the Trent outlet across Ontario and the Mohawk outlet
across New York to the Hudson River; and the North Bay, Ottawa River
outlet to the St. Lawrence. Ags the lakes stood at different levels, indi-
vidual beaches, bars, barriers, and offshore features were formed and
remain now as evidence of their former presence.

The Lakes were known in the order of their formation as Lake
Manmee, Lake Arkona, Lake Whittlesey, Lake Wayne, Lake Warren,
Lake Lundy, Lake Algonquin, and the Nipissing Great Lakes. The eleva.
tions at which they stood were not in direct relation to the order of exist-
ence, but a general oscillation took place in the direction of lower levels.
This complication arose from the distribution of the topographic features
of the region, the deepening of the ontlets, a differential uplift of the land,
and the shifting back and forth of the ice fronts.

The deposits of the glacial lakes were governed by the position of the
shores. The basins of the lakes are left as comparativly level expanses
underlain by different types of lake clays and silts. Near the former
beaches, parallel ridges exist which represent the shore features generally
common to all lakes. These features may be traced for miles as ridges
of assorted sand and gravel with distinctive slopes which give further
evidence of their origin.
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Chapter IV
HISTORICAL GEOLOGY

4 JOLUTION {CLINAL BASIN
DIFFICULTIES IN TRACING THE EVOLUTION OF THE SYNCLINAL B

ic hi ichi nclinal basin from its begin-

ologic history of the Michigan sync ir Jegin-

nilrf;l etogethe bpresent ig diffienlt to traced “ilth. arl1yt 'degggmoi t(fl()exgtzlrélll)l;cs%_
i at i -ift and the isolation >

The deep burial beneath glacial dvl lati o e b

i i g 7 very broad generalizations from 1
tional provinces allow only very gen S ine dislace
faunal evolution and stran L
accepted methods of tracing . i Uine displace
rops ar » and far between. The prop
ment. Surface outcrops are few and 1 _The jution
i : X tion of well records, accura
seems to rest with careful examina i ds, accurate de
inati i losed, and correct interpre )

termination of the sections thus ’dISC . 1 cration of
i 1 i r. The early correlations wi q

their relation to the regional setting. \ 8 Will requive
isi il regi ts are more fully understood,

frequent revision until ‘{eglonal aspec e oo cxact by the

the methods of correlation must necessarily bec : Sxact by the

igi ication - icro-paleontology, micro-lithology, heavy
D, s oabos (i f chert residues. TUntil these
dies, and the close examination of c S -
ztel‘taille(’l studies have been pursued, it will be necessary to 1e11y09n ﬁi;lg;e
cursory examination of well record data in outlining the geologic y

of the region.
PALEOZOIC ERA

CAMBRIAN PERIOD
LAKE SUPERIOR TIME . ”_‘;

The earliest time of the Paleozoic %ra rgcmgle_d 1np£];eiaor(‘iocktst‘ }?2 ?)Ir'li?g}&g%r%
is revealed by the clastic se?ies of the Cambrian eriod. “The orlghn o
the structural downwarp giving rise to a basin of sedimen 1

i i i -t d sinking by the addition
a long tifme prior to this era, but the Contlﬁmtled nking by the addition
of sandy sediments was apparently accelemte t : ortheasf cas which
were probably present to the west and also to the Yn cast must have
had considerable relief, and weathering processes were r a (1ngd fve.

is is shown by the coarse texture of the material depf)sfcf} and the ¢

;1‘91;15 (l)i indecon:}lrposed minerals. The c.onglomerate w_hlch in milnytp%ﬁgﬁz
occurs at the base of the Lake Superior sandstone indicates lla there
was a rugged shoreline which was gradually worn df)lehas tleh ls: A
vanced. When the iron-bearing rocks became more 1 oroug 1y s
merged, less ferruginous material was introduced into tl(l%) si?, nd the
upper part of the Cambrian rocks indicates this condition 3? he ain nee
of red color. A lapse of the processes of deposition and ell OSIO% e in,
Cambrian is suggested by the local a'bse.nce of "I‘rempealeaql‘l ds In
eastern Wisconsin and northeastern Ilhn.01s. Du}“lng the ¢ Obmgd;zra%le
of Lake Superior time, (the Jordan of Wisconsin in part) al C?I}ESld ihie
portion of the sea probably withdrew and the land was e e_(\1 a eﬂ he
terrestrial conditions which resulted were possibly associated wi lnsid-
climate, as three-sided faceted pebbles (dreikanter) which are co
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ered by many as characteristic of desert erosion have been found.l A

cording to Ulrich?, marine connections existed repeatedly and p h s
co‘ntl_nu‘ousjly throughout the Cambrian between the seasy of thper o
Mississippi Valley and those of certain western and southwesternestlfal’)ﬁgsr

ORDOVICIAN PERIOD

OZARKIAN TIME

A period of warping and extensive erosi
4 peri arping 3 '€ erosion took place during the j -
;13(1)1 tket\\e‘en' Cambrian and Ozarkian {Lower Ofdovician) gtim:smti;
anfi nelgré nl:}lsl'Chlg%I'l’]the Ozarkian sea contained g large quantity of' lime
: la which was precipitated on the sand th
low tidal flats. A quantit iti i alted, and n the senpl
flats, ¥ of oolitic dolomite resulted and in th
part of Michigan a close adjustment between downw’arpingr and? (éiar;)t::i%

tion probably resul i i i
theselsedimeﬁt; sulted in the laying down of an abnormal thickness of

CANADIAN TIME

Depositional and faunal evidence f i
. biona, rom without the Michi i
EE(I)I‘;’I'CI(IJ(C; ;néilca;tﬁs ‘E[.hgt at the close of the Ozarkian, the lalgdlixtls I:SS;HH
¢ and subjected to subaérial erosion. Wides i
d an . : . pread seas inund
the'region in Canadlz‘ln time and the relief of the land areas was ulilst;;)elg

mites. The oolitic character of man
1 c y of the cherts shows that th
(a)t;‘egoﬁttelsnfﬁ‘;quent tl.n’cervfalls had a low relief, thus causing the forli;‘?ircl)g
j : accretion of lime. The periodic sinking of the “basin” re-
sulted in the deposition of an unusual thickness of thé;se rocks il‘r;l sclfrzlnt;;l

Michigan. Only the very border i i i
northom pat 05; e ver gte.or er deposits of this sea are revealed in the

ST. PETER TIME

At the close of Canadian time and prior to the depositi
feter sandsto.ne, the land was again deeply eroded. I’)l‘}?etig'?egilgessi
tﬁcel\u.po.n \.Vhl.Ch the sandstone was deposited is well shown tﬁroughoﬂ‘t
he Mississippi Valley region, and particularly near Milwaukee, Wiscon-
sin, wh.ere the St. Peter rests directly upon the Eau Claire forxilation of
Cambrian age. The.occurrence of residual soil and a basal St Peter
cher.fy conglomerate in other contiguous states is further evidence‘of fﬁis
erosion surface. The presence of this conglomerate suggests the lon
continued work of large sized streams. The clean white szmdstone indig
cates emergence and rather complete assorting by both wind and Wave:
action. The sea probably transgressed over g shore area largely covered

has shown the St. Peter sandstone to ha i

. . Pe ve great thickness and
phytsmal char.acterlsfcms,_ comparable to subsurface occurrences i:llnlllls;ltaill
Celll ra(li Illinois. This dl.SCOVQI.‘y gives evidence that the St. Peter sea not
only advanced on the Wisconsin land mass from the south, but also occu-

! Hussey, R. C., Personal communication.

2 3 ]
Ulrich, E. O., Notes on New Names in the Table of Formations and on Physical Evidence of

Breaks between Paleozoic § i i in: i i
Vol 53 lotvieet (1924)7?10 Systems in Wisconsin - Trans. Wisconsin Acad. Secl., Arts & Letters,
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pied the Michigan Basin for a longer time than surrounding areas. The
adjustment of downwarping to deposition load also took place as in
previous periods. The low relief of the land and the completeness of dust
removal by the wind is shown by the absence of coarse conglomerates
and the purity of the fine grained sandstones. The thick deposits left in-
the deeper basins farther from shore are fine textured sandstones with
only thin partings of shaly material. Climatic factors which favored
rapid disintegration probably explain the scarcity of shales in these

rocks.
TRENTON—BLACK RIVER TIME

Trenton-Black River time marked the return of climatic conditions
tavorable to lime deposition, and the seas transgressed far beyond the
present limits of the low-lying Archean land mass to the northwest.
Animal life thrived in these seas and relatively uniform conditions are
indicated by the physical characteristics of the rocks. The maximum ex-
tent of the Trenton sea is not known, but the Limestone Mountain out-
lier in Keweenaw County suggests that it probably covered the entire Lake
Superior region. The general direction and location of the northern
shore line is suggested by the rate of thinning to the northwest. (See
fig. 4).

DECORAH TIME

During Decorah time, a structural disturbance or slight uplift must
have occurred to the northwest, but apparently the coarse sandstone beds
to the north were not exposed to erosion because the material brought in
was entirely calcareous shale. The Decorah beds thicken to the north-
west and thus furnish evidence that their source was possibly from that
direction.

Soon after Decorah time, the submergence probably was more wide-
spread, and waters covered a vast expanse in north central Canada. The
Wisconsin area then emerged, but the subsequent seas, including the
upper Mohawkian of which there are no existing deposits farther west in
Wisconsin, occupied the greater part of the Michigan synclinal basin.

CINCINNATIAN TIME

Preceding early Cincinnatian time, a slight elevation of the area made
the sea shallower, and the waters of the Appalachian trough probably
entered by a northeast conmection. Climate in the east, assisted by
abundant vegetation, favored complete land decay, and the widespread
deltas which resulted were composed largely of bituminous muds. These
beds are represented in Michigan by the Collingwood shale which covered
a large part of the “basin” and spread westward beyond Newberry in the
northern peninsula. As the dark colored mud was brought in, the basin
gradually subsided. The toxic conditions caused in part by shallow
waters changed as the water gradually deepened. With this deepening
and clearing of the water, abundant life forms thrived. The sea came in
again from the north and south, and many of the gray shale beds were
probably derived from the weathering of limestone rocks which made up
the shores of the neighboring land masses. The fossiliferous beds and thin
limestones evince the tempering of climate. At the time of the Richmond
invasion, the basin of deposition was not entirely isolated because float-
ing faunal forms indicate currents and a connection to the eastward.
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The area was somewhat restricted to the south and any connections with
adjoining basins in that general direction were only temporary. Near
the close of Richmond time, residual red clays were forming in south-
eastern Michigan on the adjacent land mass, probably by the weather-
ing of limestone. A gradual continental uplift took place and caused
these transition beds to be deposited locally. Because of the ample
supply of iron in the residual soils, these red and green shales were laid
down well into the next period and are widespread throughout the north-
eastern United States.

SILURIAN PERIOD
CATARACT TIME

The Lower Silurian or Medinan began with an extensive transgression
of the sea which deposited the Manitoulin beds. The Manitoulin sea en-
croached from the north, and the shores consisted largely of limestone.
The composition of the waters must have been fairly uniform because the
physical characteristics of the Manitoulin rocks are comparatively uni-
form throughout the area of the Michigan Basin,

Toward the end of Cataract time, the quantity of finely divided detrital
material forming on the land increased. The Cabot Head shale was
formed from the deposition of muds which consisted of highly oxidized
red and green sediments. The colors resulted from the influences of
climate and the nearby pre-Cambrian rocks which contained large quan-
tities of iron. The red color alternates with green and gray, and the
lighter color suggests that the ferruginous sediments originating in the
north were reduced by the deoxidizing influence of marine conditions
originating in the south.

NIAGARAN TIME

In middle Silurian or Niagaran time, the sea transgressed widely, a.
general deepening of basing took blace, and the deposition of limestone
and dolomite indicates that the climate was warm. Shallows must have
existed temporarily during the formation of the Byron beds, which. are
locally argillaceous and contain “sun cracks” and ripple marks. The
transgression took place from the nortl and probably originated in the
Arctic? and Hudson Bay regions. Local connections may have been
rmade with the St. Lawrence trough but the relations are not definite,
The Burnt Bluff formation was laid down in a period when the deepest
part of the Michigan synclinal basin was tar north of its present loca-
tion. The members of the formation thin rapidly into the central part
of the southern peninsula, and this convergence supports the faunal
evidence of northern origin. Local conditions of deposition and possibly
later chemical changes brought about the lateral gradation of limestone
into dolomite that is so common,

Shaly beds found in the N iagaran in wells in Jower Michigan are lack
ing in the northern region where it is exposed. Posgibly the Rochester
formation, considered to have been removed* by erosion in many regions
beyond the confines of the Michigan “basin,” is preserved in the southern

S Ehlers, G, M, Unpublished manuscript.
4 Williams, M. Y., The Silgrian Geology and TFaunas of the Ontario Peninsula and Mani-
toulin and adjacent Islands : Canada Geol, Survey, Mem, 111, p. 70 (1919).

Chadwick, G, ., Stratigraphy of the New York Clinton : Bull.. Geol. Soc. Am., Vol. 29,
pp. 355-359 (1918).
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seninsula under the cover of younger rocks. Tl;f(ie l}%_ississigiew}zlla"s’};aii n111;
> i i Rochester affinities, may
northern Indiana, which possesses K s may © some
i is i rpretati but faunal evidence is lacking
hearing on this interpretation, Y ehomee n the tree of land
stantiate the exact age of these shale beds. A che g : '
:xt:;lte and shallowing of the Niagaran sea certainly occurred in the
.gion of southern Michigan. . 7
N%‘lﬁg seas of Manistique time originated® in the Gulf of 1S;c:VIeJ1:§\x‘I“,(;Ii§§
y aters w relatively g
: read southwest as far as Iowa. The w a‘tels were I
iﬁg fllg(fisturbed for coral beds are abundant in ic)llle %o“:gr Stthr?zftt%zel
{ i iti ¥ renerally favorable to the preserv
ation, and conditions were generally !
i%rrrx?arine’fauna. The Manistique seas transgrtessgd fll;)om Eh]%l?l?fl?(l)ri?f
A : S . ;
i d an overlapping series of rocks snmla‘r o the Bu L _
i(i)grrll.le The deposifilt))n of the Engadine dolomite evidently m.arke.d a Shﬁlv
lowing of comparatively restricted seas because tlhle foxtma.tlon' is locaA)
arenaceous, and the life forms indicate apprgachmg high sah‘mty. An
extensive s’ystem of coral and stromatoporoid reefst was 1f)u;11t dﬁ;ﬁfr
i i i ings,® “after the time of the ¢
this period and according to Cumings,’® “a . . :
}*o;alpbeds (Manistique of Michigan), the teeming life of t_he Niagaran
éea assumes complete mastery of the sedimentatl‘on and bulld.s‘ a’foré‘n}?-
tion, the Racine-Guelph, entirely derived from 1t§ own exuviae. : e
steei)ness of dip off many of these reef “mounds” is p}art%:j:.l ez}dencg f}(iz
i i k e acti i iod. Dolomitization o
the intensity of wave action during the period. D 72 Of the
r e hange in climatic conditions towa
reefs was probably favored by the cha; n condltions toward
ter aridity. The increased salinity proug_ on by :
%Iﬁ:i;ss must %mve had a certain controlling effect upon the formation
of the dolomites.

MONROE—SALINA TIME

Niagaran deposition culminated wi1§h a gradual emergencet off CJ?}];
tinental areas resulting in the isolz.l,hon‘ of t}le greater 3&11; o e
interior Silurian sea into a vast, partially or entirely enclose va§1n. o
this manner, a period of dessication ]oegan and a favorable w a1n;, ] g
climate probably assisted the evaporation. ‘ The brines were corllcen ii 'ﬁk
in great inland lakes or temporarily restrlcted‘embaymentslw 1er(le o 1nS
deposits of anhydrite, gypsum, and salt precipitated as the iotl‘l 1(?85
became super-saturated with respect to one or more of t}lese SE (si 41} 'ch.
The Salina relict seas initiated the first important eyapomte perio w1 El
affected the rocks of the Michigan synchna} basin, and t_he 1“9;11 ing
deposits of salt, anhydrite, and gypsum exercised a controlling f1n uence
on much of the ensuing geologic history of the region. Beds 1o ggpsur(r;
and anhydrite were formed frequently in the periods that‘ fol owi s ann_
the products of weathering from shores composed of Salnllla) ri)lc ks (égld
tributed high salinity to many of thg supsequent seas. ‘T e s z‘Lpe !
confines of the “basin” formed at this time were relatively pgndr[lanen
throughout the greater part of the S‘ﬂuman and Pevoman pelrlots.M N

The approximate shape of the “ba§1n” of deposition throug‘lou h0 -
roe and Salina times is shown in Flgl}re 7 by means of an 1_sho.pic‘ ou
contour map. This type of map is designed to illustrate the thickening

5[ . M., Unpublished manuscript. . - . o nelr bearing
oo Gt T S Bhafls o pont wane oty in e, Storiongad e

T Grabau, A. W., Geology and Paleontology of Niagara Falls and Viecinity: Bull.,, New
York State Mus., No. 45, pp. 127-128 (1901).
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of beds into the center of the deepest part of the “basin,” and each con-
tour line represents an equal thickness of Monroe-Salina rocks. The
area of maximum thickness is indicated to emphasize the extent of the
region of greatest sinking and probably in most instances, the largest
amount of deposition. This relation of the amount of deposition to the
present thickness of the rocks is obviously an important one. However,
it does not take into consideration the quantity of beds subsequently
removed by weathering and erosion, or the character of the rocks laid
down. These factors must be further evaluated when the maps are in-
terpreted. The relation does indicate, however, the approximate size and
dimensions of the synclinal or sinking area, the location of the major
‘depression, the relative amount of downwarping which has taken place,
the factors influencing sedimentation and migration of the sea, and the
possible causes of the warping movement.

The data used in constructing this map and other maps designed to
show the results of subsequent periods of deposition were derived from
the records of wells throughout the State. These data are subject, there-
fore, to errors of interpretation and correlation common to such deter-
minations. Many anomalous figures have been disregarded, and in the
dominant major features, the figures used should be essentially correct.

The rocks beneath the Salina have not been penetrated in the central
part of the basin. This lack of information explains why thickness maps
were not inserted earlier in the discussion of geological history. The
Salina has not been reached by the drill in the deepest part of the
synclinal area so that the map merely explains the rate of thickening of
the beds and only gives a very general outline of the basin proper. Other
maps which follow are compiled from a larger quantity of data and
show more accurately the structural and depositional conditions.

The axis of the depositional area during Monroe-Salina time is shown
to have a major northwest-southeast elongation, and the presence of a
barrier in the southeastern part of the State is strongly evident. That
there was a shore line with gentle offshore slope in proximity of south-
western Michigan is suggested by the decrease in the convergence rate in
that direction. These features seem to point out the low nature of exist-
ing shores and the restriction of the basin from seaward connections to
the south. The fine granular dolomites of the Salina and Monroe repre-
sent lime muds derived from the limestones and dolomites laid down
in previous periods. Argillaceous clastics are not abundant in the Mon-
roe-Salina rocks and this indicates that the “basin” was largely sur-
rounded by limestone areas, and that climatic conditions were not favor-
able for complete disintegration into clay soils. The salinity of the sea
prevented the existence of many forms of life, and the beds of the Salina
are almost entirely non-fossiliferous. The marginal sediments were prob-
ably frequently reworked, and their salt content was added to the salt
present in the marine water which might have been separated from the
main part of the sea at the time of prior uplift.

Subsidence of the basin must have been gradual to permit additions
of water without inundation, and sinking probably kept close pace with
evaporation during the three successive periods when thick beds of salt
were laid down so uniformly in the central area. The flooding of local
basins and salt flats very likely added to the slowly increasing salinity
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of the larger bodies of water. Desert cloudbursts may have been effective
in causing these additions, as aridity probably existed at intervals
throughout the period. Seasonal dry winds might have also caused con-
centration of salt in lagoonal flats.

The local occurrence of red shales has been advanced as evidence for
arid conditions, but these are not prevalent in all parts of the Michigan
Basin. In the western section of the State, red dolomites occur near the
base of the Salina beds, indicating the possibility of thorough decay of a
limestone land area or deltaic enrichment of iron from streams travers-
ing an exposed portion of the iron bearing regions to the northwest.

BASS ISLAND TIME

At the opening of Bass Island time, conditions were about the same as
in the preceding Salina period. Lime muds were being deposited and
evaporation was still in progress, but the “basin” became connected with
outside sources of water which freshened the sea sufficiently to permit
the existence of more abundant life. Climatic changes toward high
humidity were possibly effective in preventing precipitation of salt and
the more soluble chlorides. Frequent incursions of the sea took place
from the Atlantic, but the basin showed a gradual shrinkage. Local
restriction furnished conditions of evaporation which caused calcium
sulfate to precipitate and form thick beds of anhydrite. Apparently,
the Michigan “basin” was not so extensively downwarped as in the pre-
ceding Salina time because the thickness of the Bass Island rocks shows
considerable uniformity throughout the explored area of the State. The
sea transgressed westward across the region, and a mixture of dolomite
slime with some clay mud was washed into the “basin.”” The water was
relatively shallow because beds with carbonaceous films indicate that
vegetation was then present. Oolites of possible algal origin suggest
deposition on tidal flats. Shallow water is also indicated by the ripple
marks and sun cracks which are preserved on the surface of certain beds.
Some of the dolomite represents secondary replacement after limestone,
but the most of it is probably the reworked product of original magnesian
rock. The waters of Bass Island time reached as far as Milwaukee, and
there was an intermittent connection with the Indiana basin through the
structural depression known as the Logansport “sag.” The KXokomo
limestone in Indiana was most likely formed at the times of this con-
nection.

DEVONIAN PERIOD
SYLVANIA TIME

The emergence or retreat of the sea preceding Sylvania time took place
in the Michigan Basin prior to the withdrawal of waters in the east. The
St. Peter sandstone and various Cambrian sandstones were laid bare,
resulting in disintegration and assorting by the winds. These drifting
sands were piled into dunes and reworked by the advancing Sylvania sea.
Deposition of colloidal silica took place locally, and the finer products
from breaking down of clastic rocks were carried into deeper water and
formed the white cherty to sandy dolomites of central Michigan. As
at the present time, prevailing winds were probably from the west, and
an uplift had advanced the shore line well into the southeastern part of
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the State. Local climatic conditions, and the probable presence of abund-
ant vegetation covering the lime rocks in the southwestern part of the
State caused weathering of the land mass to a clay which gave rise to
deposits of green shale. This shale contains scattered typically rounded
Sylvania sand grains. The green color was probably due to reduction
of ferric iron to the ferrous condition. The shale may possibly represent
a seaward deposit, but the presence of imbedded sand grains suggests
that the water was shallow.

Local readvances of the sea near the end of Sylvania time caused off-
shore or littoral conditions which gave rise to a purer dolomite that
contains marine fossils. Additional sand was furnished at the time of
the final retreat, and this sand was reworked by the oncoming waves at
the close of the period. As a result of the reworking process, siliceous
dolomite beds were deposited.

The formation was probably laid down on an uneven land area of some
relief and possibly overlaps a number of older formations in adjoining
regions. The summation of its history, according to Sherzer and Gra-
bau®, includes the basal layers as sedimentary, the body eolian, the upper
eolian deposits reworked by a transgressing sea, and the materials in
the main derived from the St. Peter. Basally, it rests upon successively
younger strata southeastward from Wisconsin and is younger than the
youngest bed upon which it rests. The final cementing of incoherent
sand grains was effected by percolating water introducing secondary
silica with magnesium and calcium carbonates. The sulfates carried in
the water were reduced to sulfides, and calcium was locally replaced by
strontinm to form cavity fillings of the mineral celestite (Sr 80,).
Further reduction, possibly aided by bacterial action, formed small

amounts of free sulfur. Later oxidation of iron sulfides on exposure to .

the air resulted in abundant staining of the beds with the oxides of iron.

DETROIT RIVER TIME

During Detroit River time, the sea probably invaded from the north
and occupied a shallow trough. At this time, much of the continent was
out of water, and evolution of Devonian forms was going on in more
remote areas. The character of the fauna found in the rocks of the series
fixes its age as Devonian. The waters transgressed from the northwest,
and the deposits overlap succeqqively younger rocks to the southeast.
This condition of overlap is also pro%ent in the case of the individual
members of the Detroit River series.

The configuration of the “basin” at the time the Detroit River was
deposited is shown in Figure 8. The shape of the synclinal area was in
general asymmetrical with the gentle slope to the northeast. The major
elongation was slightly north-northwest of directly north-south, and the
restricted deep part of the “basin” was approximately circular in outline.
The position of the shores to the scuthwest and northeast is indicated
by the gradual thinning of the beds in these directions. Local gentle
warping is indicated by the basinward bends of the contour lines.

Near the close of the period, a warm climate brought on the formation
and growth of coralg, giving rise to the Anderdon reefs. These condi-

8 Grabau, A. W,, and Sherzer, W. H., The Monroe Formation of Southern Michigan and
Adjoining Regions: Michigan Geol. & Biol. Survey, Pub. 2, Geol. Ser. 1, p. 85 (1910).
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tions of warmth and dryness and temporary restriction of the more in-
{erior portions of the “basin” caused the concentration of salt, and the
deposition of saline residues. Restricted seas of evaporation did not
remain so long as in Salina time, but several beds of rock salt were de-
posited in the central part of the “bagin” during this period. There were
possibly intermittent arid conditions with evaporation in excess of water
qdditions. The Detroit River salt basin compares closely with the deep-
est downwarped part of central Michigan during Detroit River time. (See
fig. 9). This relation supports the idea of salt forming from restricted
or relict seas. The great salinity of the seas of this period possibly came
about in part from stream erosion of carlier rocks containing salt beds.
An explanation® for the Silurian aspects of the upper Detroit River
fauna might be that “Devonian life probably did not migrate far into
the center of the State; when the outlet to the trough was temporarily
closed the remnants of the Silurian facies were brought back from the
salt producing basin.”

The distribution of the salt beds within the Michigan Basin is best
illustrated by cross sections which demonstrate graphically the extent
of the occurrence of salt. (See figs. 10 and 11). Other beds are disre-
garded in these sections and no stratigraphic sequence is given except
the base of the Dundee formation, which may be used for comparing
intervals within the Monroe-Salina groups. The general continuity of
the thicker beds of rock salt in the deeper portion of the “basin” is shown.
This feature is contrary to the generally accepted idea that salt beds in
Michigan are irregular in their occurrence. The truth of this early con-
ception probably maintains for the marginal deposits of thin beds where
lagoonal districts and small individual basins were the controlling
physiographic features in their formation. It seems conclusive, how-
ever, that over wide basins of sedimentation, salt concentration acts
very much like any other chemical deposit in that the beds thicken more
or less uniformly toward the region of major sinking.

DUNDEE TIME

A period of emergence and gentle folding followed the retreat of the
last Detroit River sea, exposing the various Monroe beds to erosive
agents. The general trend of the axes of this folding in southeastern
Michigan is 1° N60°E. Erosion followed, and the absence of shales would
indicate that the nearby land areas consisted of limestone. Solution and
chemical wearing away were the dominant weathering processes, and
plant life must have been almost absent.

As the sea advanced on the Michigan area from the east, the western
part of the “basin” had been uplifted, and the eastern part depressed.
The pre-Dundee folding was s0 slight that discordance in dip was not
evident at the exposed contact of the Detroit River and Dundee beds.
The first waters entering the basin carried some sand from the east
where deposition of the Oriskany was going on in the Appalachian trough,
but the invasion did not progress uniformly across the State. In the
northern part of Michigan, the magnesian beds of the previous formation
were reworked and breccias of doubtful and complex origin were formed

9 Newcombe, R. B., Interpretation of Recent Discoveries in the Salt-Bearing Rocks of Mich-

igan: Papers, Michigan Acad. Sci., Arts & Letters, Vol. 12, p. 248 (1929).
1 Grabau, A. W., and Sherzer, W. H., Op. cit., p. 57.
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near the base of the Dundee. Like the closing part of the Niagaran, the
warm, dry climate, and clear water permitted corals and other life forms
to flourish in abundance. Some forms were derived from the Atlantic
and some probably came from southern connections, and the soft parts
of certain organisms must have contributed to the bituminous products
found in the rocks of this period. Various animals of the Dundee seas
possessed siliceous hard parts and contributed silica. It also might
have been deposited by direct precipitation (either from true solutions
or colloidal solutions), or by replacement, thus forming beds and nodules
of chert which are common to the strata.

The “basin” of deposition was greatly changed from Detroit River
time, both in general uniformity and the position of the deepest trough.
The thickest Dundee in the Michigan Basin is in a long narrow depres-
sion trending a little west of a north-south direction across the eastern
side of the State. (See fig. 12). A ridge or upwarping apparently more
or less parallel to the trough crosses Livingston County. This ridge
widens out to a broad emergent region in the south central part of the
State and joins with an east-west shallow area stretching across central
Oceana, Newaygo, and Mecosta counties. The local basins almost parallel
these shallow places. The greatest amount of sinking on the east
side of the depositional basin is analagous to the Appalachian geosyncline
where the sinking was also greatest on the east and seems to suggest a
source of pressure from the eastward acting toward the west. This large
basin is apparently asymmetrical in the central portion of the State and
comparatively symmetrical to the northward. The presence of separate
basins of deposition in the Michigan region during Dundee time is also
indicated by the dissimilarity of faunas in the northern and southern
districts of the State. The life forms from invasions of the sea origin-
ating in different quarters were prevented from completely intermingling
because of this separation.

TRAVERSE TIME

The period between the laying down of the Traverse and Dundee sedi-
ments was featured by a marked change in climatic conditions. The fine
argillaceous weathering product making up the Bell shale is evidence of
increasing precipitation and plant growth, and the honeycombed, irregu-
lar Dundee land surface is evidence of organic, humous acids in the
surface material. The sea invaded from the north and deposits progres-
sively overlapped older strata in the southern part of the State. Traverse
beds probably rest on those of the Detroit River series in parts of south-
western Michigan, but exact identification is difficult. The basal black
shale and the fossiliferous gray shale of the Traverse group indicate that
the shores were low with abundant vegetal growth, and the climate was
fayorable to the preservation of life forms. This carbonaceous Bell shale
also overlaps older beds consecutively to the southwest and thins to a
mere parting in that direction. The thinning of beds to the southwest
has been attributed to'! both extensive erosion of the Dundee limestone
and non-deposition of the Bell shale. Limestones were deposited as the
sea deepened to the north. Upward and downward oscillations of the
sea bottom or periodic withdrawal of waters from other causes formed

1 Newcombe, R. B., Middle Devonian Unconformity in Michigan: Bull, Geol, Soe. Am., Vol.
41, pp. 734, 735 (1930). v 8 oh moe. Al
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alternating beds of shale, calcarcous shale, and thin limestone. The
if);riz_ekof much of the shale must have been to the east, and the derivation
A ihé r(;gdf,l om limestone shores as indicated by the calecareous character
Near the close of Traverse sedimentation, there was warm quiet water
and the sea bottom subsided gradually. As a result, an extensive system
of low coral and stromatoporoid reefs was built 1’1p over considg;able
areas. In northwestern Michigan, the reef formation was probably fol-
lowed by somewhat violent wave action as shown!? by broken u Béor 1
sands strewn in foreset beds which make up a “cross-bedded” limpestoni
The introduction of colloidal silica in the upper portion of the sectioﬁ
brought about the formation of segregated and banded chert. This occur-
rence of qhert seems to indicate strongly a return of conditions affected
by shore influences, and waters from the land carrying silica in suspen-
sion mingled with the saline waters of the shallow inland sea P
The presence of anhydrite in the lower Traverse of western Michi an
suggests tha,’r: locally the sea was restricted, thus permitting d‘ryin gu
and evaporation. Slight emergence and erosion over most of the Tragersg
1%2;21171 I;eglon probably took place near the close of the period. That the
F, (al(;r;((e) Csl(;g had northern connections'® is proved by the fauna contained
'Durln‘g much of Traverse time the Michigan gynclinal basin was
divided in the northern part by an intermittent land barrier'*. This fact
is 1p<llcated by the difference in faunal life which occupied tile separate
regions and t}}e evidence from the thickness map (see fig. 13) grawn
to show‘ the thinning and variation of the Traverse beds. Kn up,war in
amounting to a thinning of over 200 feet of strata is shown to exfeng
southeast from central Antrim County to central Ogemaw County. The
two separate east and west basins trend parallel tg this upwar yéd dis-
'tl’l(‘,t,‘ ar}d the west basin seems to be asymmetrical with the stI()aep di
into it from the west. The parallel warping in the central and southerg
parts of Michigan appears to have one pronbunced direction in alinement
with the deepe_r basins of sedimentation. The Livingston County ridge
and the folds in the central part of the State evidently existed durig
Traverse time. The local basins associated with these structural hi hg
are also shown. A prominent northeast-southwest structural elem%nt
occurs in the southwestern section of the State and the flattening of
slope in this region is present, as in previous periods of deposition gAn
important north-south structural element and an upwarping trend‘ing a
fgw degrees east of north-south is characteristic of eastern Muskegon and
l\ewfg,ygo counties. This same shallow region of deposition seems to
continue with somewhat less expression into Mecosta, Osceola, Wexford
and Mlssa',u.kee counties. The importance of structural land bamjiers :;Lffecti
1nngepos1t10n is well illustrated by the results of Traverse sedimentation
Near the close of Traverse time, the land surface was worn down nearl ;
to base leve],_, and sluggish streams brought calcareous slime and ar ly
lacqous detritus into the sea. The upper Traverse beds are almost giln:
variably shaly, but the color and general appearance does not suggest
marked change in the other conditions that influence sedimentatio-n.gg In
2 pPonl, E. R., The Middle Devoni rer ; in Michi
of lgﬂl);;%tin% .I{I{l.,o%lr?.d%?tf, p]ﬁ-.’rg()):ﬂc.. U.Onsl.arlt'a%‘,r%‘llellsie N(il.‘oéléjllt),f Vgg?.cgz,lirgligl,ggfl :20 ?IS)SS%H)lm Ay

Ehlers, G. M., Personal communicati
#Ppohl, E. R., Idem, p. 28 nieation.
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some parts of the State, there may have been slight reelevation at the end
of the deposition of the Traverse. Subsidence followed closely afterward
and with this deepening of the sea came a changed climate, more moist

and favorable to the growth of vegetation.

ANTRIM TIME

Antrim time was the beginning of a complete sedimentary cycle. This
cycle due to periodic uplift of the land areas furnishing sediments re-
«ulted in a succession of black shales, gray shales, and sandstones. A
similar cycle beginning with the Sunbury black shale was repeated later
in the Mississippian epoch. During the Antrim, the relief of the land
areas was still low, affording complete rock disintegration, and the
streams carried large amounts of macerated swamp waste and other
vegetal matter out on tidal flats where the black mud was deposited.
The muddy seas brought about toxic conditions and only the most hardy
floating forms of life were able to live in this environment. The carbon-
acecus material from the biochemical breaking down of these entombed
animals, the spore cases, and the other remaing of vegetation probably
are the source of the oil and gas which originated in this formation.
Much of the calcareous material in the Antrim sea is in the large con-
cretions which are thought to have been formed about the same time
that the deposits were laid down. TI'ish remaing are found in some of the
smaller concretions and probably indirectly caused their formation.

After the Antrim sea had occupied the region for a period, a retreat

must have taken place, because Mississippian fossils were found in the
upper part of the formation. The beds laid down during the waning
of Antrim time are much more irregular in color and other physiecal
properties than the lower strata of the formation. Apparently, some
oscillation of the sea took place, and possibly some of these beds repre-
sent the remotely distributed fine material from the delta deposits in the
east.
The contour map (see fig. 14) showing the thickness of the beds
deposited in Antrim time indicates that the deepest sinking and greatest
sedimentation took place near the present geographical center of the
southern peninsula. This basin, although irregular in shape, has a
northwest-southeast elongation which is very narrow. The upwarped
district in Saginaw and Midland counties divides it almost into two
A secondary deep basin, trending more nearly north-south, is
located to the northeast. This relation suggests an avenue of sea migra-
tion from a northeasterly direction. The two basins are separated by
an upwarp trending across a similar part of Crawford, Ogemaw, and
Arenac counties that was crossed by the same type of structural feature
in Traverse time. Two other shallower troughs extend to the southeast,
and these may have been intermittent channels of sea invasion. The
sharp Livingston County ridge separates these troughs. A gentle basin-
ward slope indicates a land mass on the southwest side of the basin area,
and the contours suggest several deep local basins in that region.

The western side of the southern peninsula was evidently an area of
shallow waters during much of Antrim time. A northeast trending
shallow trough seems to extend more or less continuously from the vicin-
ity of Grand Rapids, across Kent, western Montealm, and Mecosta coun-
ties. Minor east-west troughs occur throughout the western counties

parts.
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and evidently sedimentation took place in this part of the State in a
very irregular manner. The apparently featureless area in Lake and
northern Newaygo counties may possibly be explained by the scarcity of
reliable data in that particular section.

MISSISSIPPIAN PERIOD
ELLSWORTH-BEDFORD-BEREA TIME

An increase in the relief of the land and quickening of the streams
took place at the beginning of Berea time. This may have been accom-
plished either by uplift of the land or by a general drop in sea level trom
other causes. The former seems most plausibie.

Conditions favorable to sandstone deposition were initiated with the
depositing of the Bedford gray muds, differing markedly from the Antrim
carbonaceous sediments. There is no evidence of great climatic change
between the Bedford sandy shales and the Berea sandstone. The shore-
line probably shifted from the east, possibly by a general westward
progression of the Appalachian delta phase of Devonian times. Slow
subsidence permitted the local deposition of a considerable thickness of
sandstone, and the Berea is widespread from the Appalachian trough to
the Michigan synclinal basin.

Students'® of the Berea suggest that a rather important movement at
the northern end of the Cincinnati anticline took place subsequent to
early Mississippian, and this structural feature was not so pronounced
as at present, or if so, it maintained an attitude quite different from that
of the present time.

That the source of these sediments was to the east and north is indi-
cated by the thick sandstone deposits in northwestern Ohio and eastern
Michigan, the thinning of the Berea to the northwest, north, and south,
and the low-lying character of the western limb of the Cincinnati anti-
cline, which did not furnish any sediments with sandy phases farther to
the westward in Indiana. The delta-like cross section of the deposits has
been mentioned by Robinson!, who points out the great thickening in
eastern Michigan. The uniformity of ripple marks with northwest direc-
tion discovered by Hydel? may indicate sufficiently the direction of the
shoreline to be an argument for the northwest elongation of the deposi-
tional basin. The local presence of shoal water caused by the immense
thickness of sediments dumped in northwestern Ohio would explain the
abundance of ripple marked sandstone.

The extent of Berea sedimentation is shown in Figure 5. The outlines
on the map emphasize the fan shaped plan of the area over which the
deposits were laid down. This fan-like spread of the deposit makes the
delta conception seem even more logical.

In western Michigan, another set of depositional conditions prevailed
during Berea-Bedford times. The isopachous map (see fig. 15) indicating
the variations in thickness of the two formations together shows an
entirely different picture. The deepest part of the basin is in the north-
western part of the State, instead of the southeast where the Berea sand-
stone attains its greatest thickness, A possible explanation would be

* Hyde, Jesse E., The Ripples of the Bedford and Berea formations of Central and South-
ern Ohio, with notes on Paleontology of that epoch: Jour. Geol., Vol. 19, p. 269 (1911).

Robinson, W. 1., Unpublished manuseript.

1 Robinson, W. I., Unpublished manuscript,

" Op. cit., pp. 260, 261.
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that these fine sediments are the bottom-set beds of the delta originating
to the southeast. This would seem logical if it were not for the fact that
the texture, color, and composition of the thick shales of northwestern
Michigan do not resemble either the Bedford shales or the shale partings
in the Berea of the southeastern area.

It would seem, therefore, that the thick greenish gray shale in north-
western Michigan, approximately equivalent in stratigraphic succession
to the Berea-Bedford of southeastern Michigan, is older and has a differ-
ent depositional history. This shale series has been given the name
Ellsworth formation. The history of Ellsworth time might be conceived
as follows:

The shallow area extending northeast-southwest across Michigan was
an axis of tilting throughout early Mississippian. At the close of Antrim
time, an uplift took place along this axis, and the basin area was down-
tilted to the northwest. A sea invaded the area and brought in clastic sedi-
ments of variable nature, chiefly clay but including limy and sandy
muds. The products of weathering of the “Wisconsin island” were added
to this material and the resulting deposits must have been originally
somewhat red in color. However, climatic conditions might have been
such that nearly all of the red ferric iron was reduced to the green
ferrous state. Whether this took place before or after deposition has not
been determined, but a thick series of green colored sediments was laid
down.

The minor structural irregularities in this downwarped area probably
resulted from slight folding along pre-existing lines of weakness. In
the main, they all have either an east-west or northwest-southeast trend.
The north-south ridge in the northern part of the State is suggestive of
the shallow basin which had existed in this general area since Traverse
time.

At the beginning of Bedford time, tilting occurred in a reverse direc-
tion along approximately the same axis and the sea came in from the
southeast. This sea deposited the Berea and Bedford sediments which
correlate with those of Ohio. A red shale, which probably resulted by
alteration of local ferruginous weathered clastic material, was laid down
locally and is possibly equivalent to the Ohio red Bedford. Minor depres-
gions in which thicker sediments were deposited trend northwest-south-
east on the southwest side of Livingston County and south of Jackson,
Jackson County. Shallow areas extend across Genesee and Lapeer coun-
ties and also northeastward across the “Thumb” region. A small trough
parallels the upwarping in the “Thumb” on the northwest.

The complexity of sedimentation during the period may be partly ex-
plained by evident changes in the direction of the forces causing earth
movements in the “basin.”’ Instead of a warping with dominant north-
west-southeast trend, the direction was almost at right angles to the
former prominent direction. This condition may have exercised some
control over the unusual movements along the axis of the Cincinnati
anticline which are so difficult to interpret.

COLDWATER TTME

Coldwater time evidently began by a general downwarping of the
central basin region where shallow water probably prevailed in the pre-
ceding period. A progessive tilting took place to the westward in which
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the waters gradually deepened in that direction. Various changes in
the land relief and the depth of the sea resulted, but in the main, dis-
integration of the rocks furnishing waste material must have been rather
complete. Climate favorable to the growth of vegetation, together with
lowland conditions set in again at the beginning of Coldwater time, and
black shale was laid down. This deposit was for the most part thin and
widespread, but occasional sections of thick Sunbury shale suggest pos-
sible stream distributary channels depositing mud under broad, low,
delta-like conditions. The Iocation of the principal area of uplift to the
east of the basin is shown by the coarser sandy phase of the beds in the
“Thumb” part of the State. The proximity of the land is suggested by
the quantity of undecomposed mica in some of the beds. Near the begin-
ning and the close of the period, there were local conditions of sedi-
mentation favorable to the preservation of red color. The source of this
color was probably the ferruginous weathered product of basic igneous

rocks which made up a part of the adjoining land mass: Likely, a humid -

climate with alternating long dry periods furnished the active agents
for complete weathering to soils which were predominantly red in color.
Throughout the greater part of the Coldwater time, there were low shore
lines and the luxuriant vegetation decomposed to give products which
helped reduce the reds and pinks to gray, blue, and light green colors.
The climate was probably colder when the lighter colored shales were
being deposited. '

At the time of the deposition of the Coldwater, western Michigan was
affected by conditions of sedimentation differing from those in other
parts of the State. Deceper waters and less wave action caused inter-
mittent limestone deposition. Ilarly in the period, the conditions which
brought about red sandy shale in the eastern part of the State probably
gave rise to a red shaly limestone on the western side of the State. The
macerated fossiliferous material in this red member indicates that the
limestone was produced from the disintegration of older limestone shores.
That the red limestone is more or less equivalent to the red shales to the
east has been found by tracing in wells the lateral gradation across the
State.

In western Michigan, another series of calcareous sediments is found
about 250 to 300 feet below the top of the Coldwater formation. These
beds are somewhat fossiliferous but not typical of a limestone sea. They
are locally sandy, and the granular, oolitic texture suggests that they
were laid down on shallow flats which were receiving calcareous sediments
from the weathering of a limestone land area.

The character of the Coldwater is, therefore, the result of conditions
shifting from those of the shore to those of the open sea, and the period
ended with a general shallowing. The outline of the depositional basin
is shown in Figure 16. The major elongation in a northeast-southwest
direction continued over from Berea time, but the area of greatest down-
warping was transferred into the central region of the State. Cross-
warping in the opposite direction gained additional importance and
almost divided the basin into two separate troughs. Minor wrinkling
along this northwest-southeast direction governed sedimentation to a
marked degree, and there was evidently uneven compaction of the muds
over the topographic ridges resulting from older structural features. The
larger of these features is in southwestern Ingham, northeastern Eaton,
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Ionia, northeastern Kent, and Newaygo counties; Livingston, south-
western Shiawassee, Clinton, Montcalm, Mecosta, and southeastern Lake
counties; Genesee, Saginaw, eastern Gratiot, southern Midland, north-
eastern Isabella, Clare, Missaukee, and Wexford counties; southwestern
Arenac, southeastern Ogemaw, and southwestern Iosco counties. The
deposits of Coldwater time very strongly reflect the control of minor
structures on sedimentation,

MARSHALL TIME

A widespread uplift of the land took place at the beginning of Marshall
time, and streams were quickened, giving greater erosive power. The
western part of the basin probably remained out of water longer than the
castern, although there was probably greater topographic relief on the
east. The Lower Marshall began in the “Thumb” area with a thin bed of
fine-grained, so-called “peanut” conglomerate. These basal deposits,
typical of rugged shores, were laid down westward across the State with
the sea invading in that direction. The conglomerate and other basal
beds of the Lower Marshall grade to the west into a pink, medium
grained sandstone. As the shoreward phase moved westward, the eastern
part of the basin gradually deepened and micaceous shaly sandstones
were deposited. This type of deposit is a probable result of rather rapid
disintegration of the large areas of basic greenstones, hornblende schists,
and other ferruginous metamorphic rocks in regions furnishing the sedi-
ments. Local red beds indicate complete oxidation at times when rock
disintegration was more complete, and although vegetation was probably
locally abundant, the climate must have been for the most part temperate.
The prevalence of red color scattered through the whole formation is
evidence that there was a large quantity of iron in the waters of the
Lower Marshall sea throughout the period. The absence of the red color
in areas where it is usually present ig ascribed to later reduction due
to leaching along structural “highs.” Since these generally represent
regions of shallow water, the wave action would probably rework the
sand and remove much of the red colored cementing material.

With the close of Lower Marshall time, an uplift again occurred that
may have been simply a general tilting to the east. The waters were at
least temporarily withdrawn, permitting considerable weathering and
erosion. The relief of the irregular surface at the top of the Lower Mar-
shall is just beginning to be appreciated from a study'® of the many core
test wells which penetrate this formation in the “Thumb” part of the
State.

The deposits of the Napoleon sea are practically free from mud, and
the coarse clastic sediments suggest the approach of drier climate. The
Napoleon sandstone beds also indicate more pronounced wave action
for the exposures are often extensively cross-bedded. The greenish gray
color which prevails is probably due to waste products derived from
greensands and chloritic rocks. Fragments of coaly material in the
Napoleon sandstone are proof that some vegetation grew during Marshall
time. They are probably carbonized chunks of driftwood entombed in the
beds.

The Napoleon sea transgressed westward resulting in overlap and

thinning of beds in that direction (See fig. 17 ). An uplift at the close

 Kirkham, Virgil R. D., Verbal communication.
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Tigure 17. Diagrammatic sketch of the westward Marshall overlap.
g
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side of the State (see fig. 18) and a small local deep area was formedtlllll
the south central portion. A shallower region trending northeast-sogl -
west through the center of the synclinal are? corrfsf}i)ongss.(iolsxfé); h(;,vz
imi 3er ime his feature of the basi
similar shallow area of Berea time. T of the basin may heve
ised some control upon the origin of coarse clastic s ) .
igifﬁz the uplifted region in Livingston County, the warping dln tgg
southeastern part of the State has a trend alir‘lols(;:. nortll-s‘slaligiig : Irlng[)he
1 arallel to the deep sinking areas. olding or the
(s)gutfils\iels)tern part of the State has a general northeast-southwes{ direc
tion, but the predominant direction in the central and north'westeln.pgr-
tions of the synclinal basin is northwest-southeast as In previous perlg_ s.
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seas. For this reason, intermittent gypsum and anhydrite beds are
characteristic of the Lower Grand Rapids or Michigan formation. The
enclosure of the basin was affected by upward movement along both
Cincinnati and Wabash arches, which temporarily cut off connections
with the seas occupying the Appalachian trough and the Tndiana-Tilinois
basin. This movement was probably related to the general emergence
which brought about the formation of the thick Catskill beds in the East.

Apparently, at the time of the first isolation, lime was present in the
waters in sufficient concentration to be thrown down soon after evapora-
tion set in. The streams entering the basin were flowing over Marshall
rocks and a slight reelevation enabled them to cut down fast enough
to bring considerable quantities of reworked Marshall sand into the
sinking area. Local monadnock-like hills of sandstone also probably pro-
jected above the waters of the Michigan “series” sea for some length of
time after the new period commenced. These conditionsg brought about
the deposition of fine-grained sandstones near the base of the Lower
Grand Rapids group with lithologic characteristics similar to the Upper
Marshall. A gentle westward tilt seems to have taken place, for to the
west and northwest (see fig. 17), these basal sandstone members occur
successively higher in the series as if they were deposited by a sea re-
treating in that direction.

About the middle of the period, the sea was completely cut off and
evaporation and concentration took place sufficiently to precipitate
anhydrite, which later altered to gypsum. The influence of the chemical
composition of streams which flowed southeastward over iron-bearing
formations probably affected the color of the evaporite beds of Grand
Rapids age formed in the area. That this exercigsed a coloring effect is
suggested by the fact that gypsum of western Michigan is pink and red,
while that of the eastern part of the State is white, gray, and cream
colored. The gypsum deposits of Michigan are not distributed uniformly
in all parts of the old sea hasin, but are concentrated in comparatively
small sized areas. Grimsley' attributed the cause of this coneentration
to “salt pan” conditions in lagoons similar to the Karaboghaz (Black
Gulf) of the Caspian Sea. On the basis of present evidence, a structural
explanation for the occurrence of anhydrite and gypsum is more likely
than one strictly physiographic. As the basin area was downwarped,
local troughs probably formed ronghly parallel to preexisting structural
irregularities. Folding took place contemporaneously with the precipita-
tion of anhydrite, and the thick gypsum beds that were formed largely by
later hydration correspond to the minor downwarped regions. The
gypsum beds thicken progressively into these smaller basins and are thin
or even missing along the structural “highs.” This relation has been
tound to hold for every extensively prospected area in the State and is,
therefore, very significant.

The absence of salt beds might have been due to insufficient evaporation
of the sea water, but this does not seem so likely as secondary removal of
the salt by solution after burial. It is logical to assume that salt was
formed locally somewhere within the basin because these dry periods
probably were not interrupted for long duration and salines were
probably constantly added from the erosion of exposed Salina beds sur-

* Grimsley, G. P., Origin of Gypsum with special reference to th igi f Michi -
posits: Trans. Kansas Acad. Sei, Vol. 19, p. 114. (1905) ¢ oriein of MMichigan De
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rounding the Michigan region. Much of the gypsum shows the effect of
solution and both secondary crystalline gypsum and salt veins occur
throughout the series. If salt beds were once present, they were probably
not thick and the cover of superimposed sediments did not protect them
from weathering agents and percolating ground water.

Conditions of sedimentation varied throughout Michigan “series” time.
The muds washed into the basin were often from fine dust carried to
the shores by the warm winds, and the mode of deposition was controlled
by the flocculating effects of saline waters which were strongly concen-
trated and high in specific gravity. The resulting shales were fine
grained, gray to black rocks with no particular structure or bedding.
The toxic effect of high salinity on all forms of life brought about the
concentration of carbonaceous material and many of the beds are thus
black in color. The rocks derived from lime muds also show little or no
structure and most of the limestones were precipitated from solution
rather than through the agency of -lime secreting life forms. The dolo-
mitic character of the lime rocks is typical of saline basins. Red and
green colors are more numerous in the thicker Michigan series section
of the northwestern part of the State. These colors may be due to desert
conditions, but more probably the streams from the proximate area of
the crystalline rocks in the northern peninsula added iron in quantities
sufficient for coloration. The streams bringing in sediments were not
flowing over limestone beds to the same extent as in Salina time, and
the dark colored mud rocks of the Michigan series indicate that much
of the land waste was formed by extensive decomposition and disintegra-
tion. The dry climate probably did not prevail throughout the entire
period.

The shape and configuration of the “basin” in Grand Rapids time is
shown in Figure 19. This map demonstrates the shifting of the most
rapidly sinking region to the approximate central area. The deep portion
is divided into two small secondary basins which are not greatly
elongated, although there is a northwest-southeast major axis in the
northern one. A possible north-south connection hetween these basing
would emphasize the meridional direction.

The contours indicate very sharp northwest-southeast minor basing and
ridges. Some north-south features are present in southern and central
Michigan in Clinton, Eaton, and Tonia counties. The sharpness of the
troughs is probably partly due to contrasts in thickness that result from
extensive post-Mississippian erosion which removed sediments from the
upwarped areas. The outstanding characteristic feature of the map is the
recurrence of a basin with the deep part approaching circular outline in
about the same position as during Detroit River time when salt was de-
posited (Compare fig. 9). This comparison supports the conclusion that
the reason for the frequent repetition of conditions of evaporation ir
Michigan was the structural position of the region, where recurrent up-
ward earth movements of the surrounding positive structural areas
caused periodic isolation of the basin. Future studies may show that
similar structural conditions brought about the formation of many major
saline basins.

New sea connections with the Illinois-Indiana basin opened in Bay-
port time, but rather warm dry conditions probably continued in Michi-
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gan for some period thereafter. Lane?® suggested that the deposition of
gypsum might have terminated in two ways,—either by an increase in
the precipitation and supply of fresh water, or a downwarped connection
with adjoining basins, permitting entrance of the sea. The Bayport
deposits include alternating limestones and dolomites, limestones, sandy
limestones, and white sandstones. The limerocks are crowded with life
and comparatively free from shale. These sedimentary characteristics
indicate that the climate was probably rather dry and gypsum deposition
ceased because the waters of adjoining seas were added to those of the
Michigan “basin.” The water must have been relatively quiet to permit
coral life in the sea, but the chert in the Bayport signifies that the
streams were probably carrying silica in considerable quantities. The
thickness of Bayport would indicate a short lived transgression, but the
intense subsequent erosion may have removed large amounts of the
soluble limestone heds. At the close of Bayport time, the entire basin
area was raised above water and active streams eroded deeply into the
rocks of the Grand Rapids group. At some places, as in Jackson and
Shiawassee counties, they cut down through the Michigan series into the
Napoleon sandstone. The flow of these streams was largely directed by
preexisting structures, and in many places the absence of Bayport lime-
stone is evidence that there has been some type of deformation in the
district.

PENNSYLVANIAN PERIOD
PARMA TIME

The uplift continued in the old positive land areas, but the Pennsyl-
vanian age opened in Michigan with a shallow sea which formed rather
continuous sandy shore deposits. The land must have been relatively
close by and the parent rocks consisted of comparatively pure white
quartz. Occasionally at the Parma-Bayport contact, later mineralization
formed green and blue colors and chalcopyrite has been observed. Ap-
parently, the colored rock contains hydrated carbonates of copper, but this
has not been definitely proved. The basal beds are usually conglomeratic
and have pebbles about the size and shape of a split pea. The sand was
strewn widely and filled the hollows in the old pre-Pennsylvanian topog-
raphy. Subsequently some of the Bayport limestone must have been
periodically reworked because layers of limestone are often intercolated
with typical Parma sandstone. Bayport intraformational breccias within
the Parma indicate that wave action must have been decidedly violent
on the shores of some of the limestone islands which remained above sea
level during the early stages of Parma time.

SAGINAW TIME

Climatic conditions in Saginaw time showed only a few changes. The
basin became a great shallow area supporting luxuriant vegetation in the
swamps which occnpied local basins. These swamps were seldom
continuous with each other, and the resulting coal beds thin out laterally.
The trend of the coal basins may parallel the predominant structural
axes, but the relation between structure in the coal beds and deeper
folding does not seem to be direct.

® Lane, A. C., Geological Report on Huron County, Michigan: Geol. Survey of Michigan,
Vol. VII, Pt. II, pp. 103, 104 (1900).
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The environmental control of deposition was featured by temperate
climate and abundant rainfall. Torrential streams evidently brought in
quantities of coarse clastic materials, and the land areas must have been
rather completely disintegrated. The alternating character of the color
and kind of sediments proves the oscillating nature of the surface on
which they were laid down. The reducing properties of carbonaceous
clay and silt probably played an important part in producing the drab
colors which characterize the deposits. Occasional seas inundated the
basin, depositing limestone beds which contain marine fossils. The
principal connection seems to have been to the southwest with the
Indiana-Illinois basin because the life forms in the Michigan beds are
closely related to those of the Eastern Interior region.

“PERMO-CARBONTFEROUS” (?) PERIOD
“RED BEDS” TIME

At the close of Saginaw time, Michigan was again raised above water,
and an unconformable unnamed series of deposits followed. The thick-
ness of this series indicates that tilting must have taken place to deepen
the basin fo the north and west. The basal pink or russet colored sand-
stone has been called Woodville (Tonia) and may possibly be equivalent
in age to the beds above which commonly have a red color. For the
time being, the entire series is called “Red Beds” because it is similar
in color, composition, and perhaps age to the “Red Beds” of the south-
western United States.

The origin and age of these beds is not known. Lane?! has suggested
that the coloring is caused by weathering or secondary oxidation, and
that the beds may be Conemaugh, later Carboniferous, or early Permian.
The general outline of the area of thick “Red Beds” has been determined,
and the widespread presence of gypsum in the series indicates the manner
of their origin.

An uplift to the south shut off additions of the sea and quickening
stream activity brought in coarse sand. The approach of desert-like
conditions caused sufficient oxidation to slightly color this basal sand-
stone. After the deposition of the basal Woodville, a warm alternating
moist and dry climate set in. The exposed rocks on the land were rather
completely disintegrated and red ferric oxides of iron were formed in the
soils. Conditions of evaporation followed and, as a result, gypsum and
gypsum residues were laid down in thin beds, alternating with red plastic
shales, gray shales, and red shaly sandstones. The “Red Beds” are the
latest consolidated rocks recorded in the sedimentary history of Michi-
gan,

MESOZOIC AND CENOZOIC ERAS

TERTIARY PERIOD

The clues of erosional history of the Mesozoic and Cenozoic eras are
masked by glacial drift, but recent erosion has not greatly affected the
physiography of the pre-Pleistocene rock surface. Near the close of the
Mesozoic, the region was considerably uplifted after the upturned edges
of the strata had been leveled and the land surface had been reduced to a

*Lane, A. C, and Seaman, A. E., Notes on the Geological Section of Michigan: 10th
Ann. Rept., State Geologist, Michigan Geol. Survey, p. 89 (1909).
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peneplain. The Tertiary period began with a slight uplift and a variety
of residual weathering products resulted. Before the beginning of
Pleistocene glaciation, a thick mantle of soil and fragmental rock had
formed. Toward the close of the Cenozoic era, a second important uplift
probably took place and the streams eroded deeply into the rocks. The
present topographic features of the rock surface in Michigan were incised
largely at this time, and the bedrock topography reflects the Cenozoic
physiographic history. Several drainage patterns postulated by Spencer??
and Grabau®® have partly explained the nature of the major streams
which flowed across the region previous to the Great Ice Age. These
writers postulate that the principal drainage was across Michigan in a
northeast-southwest direction with the stream channel occupying a wide
valley which is now filled in part by the waters of Saginaw Bay. Spencer
believed that the direction of flow was northeast and called the stream
the Huronian River, a tributary of his great ancient Laurentian River
system. On the other hand, Grabau contended that the Ancient Saginaw
River flowed southwestward in this same valley. Present data would
favor Grabau’s conceptions with certain minor modifications.

The origin of the deep basins now occupied by the lower Great Lakes
is still a mooted question. Irobably, all of the important weathering
agents aided in the bringing about of these great troughs, but the re-
spective roles of water, wind, and ice are still disputed subjects.

The fracturing of the Devonian limestones and the formation of large
sinks along their strike in Alpena County, the unusual breccias in the
St. Ignace region, and the major features of the Salina salt basin of
Michigan revealed by a large number of recent wells records throw some
new light on this problem of the origin of the Great Lakes basins. It is
significant that there is a close correspondence between the outcrop of
Salina rocks and several of these lake basing. The only known exposures
of rocks in Michigan that might be Salina in age are near St. Ignace
and Mackinac Island and these consist of a jumbled, brecciated mass,
the origin of which has never been satisfactorily determined. Erosion
remuants of this type are similar to talus slopes along bluffs formed of
beds containing or directly overlying salt bearing rocks. These breccias
are almost positive proof of slumping, no matter what may have been
the cause of the undermining action that brought it about. Following
around the strike of the Salina rocks into the lake hasins, the depths of
Lake Michigan and Lake Huron seem to be closely related to the varia-
tions in the thickness of the salt deposits in the central part of Michigan.
Furthermore, the total known maximum thickness of salt in the Salina
does not differ* greatly from the maximum lake depths. The deepest
part of Lake Michigan compares very closely with the strike of the maxi-
mum downwarped area of the synclinal basin during Salina time. That
ig, the major axis of the Michigan Basin trends toward the deepest part
of Lake Michigan. Since the Salina comes up under the lake, this would
naturally be the locality of thickest salt beds along its outcrop. These
relationships, though not conclusive, are strong arguments that the solu-
tion of salt brought about the initiation of the deep lake basins. The
controlling effect of hard and soft rocks in the cutting of deep erosion

2 8pencer, J. W. Origin of the Basins of the Great Lakes of America: Am. Geologist,
Vol. VIL, p.’7 (1891). ) -

2 Grabau, A, W., Guide to the (}eoli)g(s)'l?.nd Paleontology of Niagara Falls and Vicinity:

New York State Mus., Bull. 45, p. 44 ( A
*This relation was first pointed out to the writer by Evan Just.
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channels now occupied by the four lower Great Lakes has been previously
cited in several papers®! but the close relation of the thickness of Salina
salt to the depth of the lake basins suggests a plausible explanation of
this important physiographic problem.

PHYSIOGRAPHIC HISTORY OF LOWER MICHIGAN

The physiographiec history of lower Michigan can be traced best from
a contour map showing the configuration of the base of the Pleistocene.,
(See pl. I). The bedrock surface beneath the glacial drift has consider-
able relief. The original pre-Pleistocene topography has been somewhat

- modified by ice action which removed old soils and much loose rock and
probably gouged and deepened some of the valleys. In spite of these
changes, the major pre-glacial physiographic features seem to be largely
preserved.

The deep channel reaching below sea level apparently parallels the
Lake Michigan shore as far south as Muskegon, and the direction of this
channel is indicdted by the elongated lakes and bays of the Grand Trav-
erse region. The depths of the Lake Michigan basin seem to show that
pre-glacial drainage took place northward along the depression which
the lake now occupies.

A shallower channel can be traced across the State from Saginaw Bay
to central Ottawa County, between Grand Haven and Holland. (See
pl. I). Topographic ridges resulting from structural irregularities
caused changes in the course of this channel, but the main valley is well
defined. The river forming this valley was probably a consequent stream
which resulted from a westward tilt of the land in Mesozoic or Cenozoic
time or both. The channel does not appear to have sufficient fall north-
eastward to permit the stream to flow in that direction, although there
may be a small sharp valley not revealed in the borings around Saginaw
and Bay City. The fall to the southwestward is more definite.

A significant feature is the depression along this channel in the central
part of the State. Possible errors may have crept into calculation of the
depths to rock because the soft “Red Beds” might have been correlated
in some wells as drift. The size of the topographic basin would seem
to discount this source of error.

The depression must have been caused by differential erosion of the
various hard and soft rocks. The pre-Pleistocene drainage basin in the
approximate center of the area underlain by the “Red Beds” and their
ease of erosion may possibly explain the origin of this topographic de-
pression. The large stream flowing across central Michigan probably
spread out like a braided river over these flats which were possibly
saline, and the moving water eroded widely because of the soft and
soluble character of the gypsum and of the weakness of other associated
rocks,

# Hall, James, In Foster, J. W., and Whitney, J. D., Report on the Geology of the Lake
Superior Land District: U. S. Sen. Doe., Spec. sess. March 1851, Hxec. No. 4, pp. 176-177

(1831).
——————————— QOrganic Remains of the Lower Helderberg Group and the Oriskany
Sandstone: Nat. Hist. Survey of New York, Pt. 1V, Vol. 8, p. 31 (1859).

Leverett, Frank, The Illinois Glacial Lobe: U. S. Geol. Survey, Mon. 38, pp. 13, 14 (1899).

Grabau, A, W., Guide to Geology and Paleontology of Niagara Falls and Vicinity: Bull.
New York State Mus., Vol. 45, p. 54 (1901). :

Spencer, J. W., Relationship of the Great Lake Basins to the Niagara Limestone: Bull.
Geol. Soc. Am., Vol. 24, pp. 229-232 (1913).

Ruedemann, Rudolf, Fundamental Lines of North American Geologic Structure: Bull, New
York State Mus., Vol. 260, pp. 79, 80 (1924). :
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Subsequent streams formed tributaries to the main rlver‘" an'd ”the
valleys of these streams closely follow the general structural “grain” of
the region. One of these streams headed in southeastern Calhpun County
and flowed northwestward to the larger valley on the west side of Kent
County near Grand Rapids. Amnother headed in central Jackson County
and flowed into the main stream at about the same place in northwestern
Kent County. Numerous other valleys formed by subsidiary streams of
this type can be observed on the map. (See pl I). tral

The principal divides of this drainage system are in the south centra
and the northeastern parts of the State. The main ridges forming th(?se
divides trend northeast-southwest and more or less parallel to the drain-
age course of the largest river. The ridges are dissected by the valleys'of
the smaller subsequent streams. The highest known preserved pre-glacial
topography is over 1,100 feet above sea 'lew.al and is lpcated on the
southern divide. The region in Northern Michigan V\’h.lCh is mapped as a
broad plateau stands at above 800 feet, but the maximum relief of the
rock surface is unknown because of the lack of exploration. The surface
topography would permit elevations of the rock of more than 1,100 feet,
but no drilling has penetrated deep enough to reveal the depth to rock

hroughout the area. )

‘ AIIII gunusual]v high district rising above 700 feet and extending nearly
north and south across western Kent County is difficult to explain. The
rocks of this region are mapped as the Grand Rapids group and shoul.d
respond readily to erosion. The most plausible explanation for this
prominent bedrock physiographic feature seems to be a structural dis-
turbance in the region, and the thickness and regional structure maps
seem to support this conclusion.

QUATERNARY ERA
PLEISTOCENE PERIOD

The Pleistocene Ice Age which practically completed the geological
history of Michigan rocks is complex in detz%il. The temperature gra@u-
ally decreased until the accumulation of winter snows in northern ice
centers was in excess of summer thaws, and a great mantle of snow and
ice covered the State. The dispersion of these glacial masses was from
northern centers in Labrador, the Keewatin center west of Hudson Bay,
and possibly from an area between these two near Pajcri(:la, Ontario. .The
ice moved southward and occupied the larger depressions left by Tertiary
erosion. ) ) o

Two stages of glaciation have been recognized in Mlc.hlg.an, bqt there
were also probably two preceding ones. After the Illinoian drift was
deposited, the return of warmer climate caused a retreat or removal of
ice from the region, and a period of weathering followed. With another
general lowering of temperature, the ice again f'ormed over ’Fhe State,
and the Wisconsin drift was laid down. Due to minor changes in climate
there were retreats and readvances of the ice fI‘Ol.lt, and as th.e weat}}er
gradually became more temperate these gave rise to a series of ice
dammed glacial lakes. i . )

The glacier front receded from the State in great ice lobes which were
principally confined to the major topographlc_ depressions. These lobes
usually presented a convexly curved front which governed the form and
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alinement of resulting deposits. The glacial lobes, known as the Lake
Michigan, Saginaw and Huron-Erie lobes, occupied the basins now filled
by the Great Lakes. The directions of movement taken by the various
lobes were largely controlled by climate, by distribution of ice load, and
by the_ shape of the depressions which held and confined the ice. These
dlrgctlons are locally shown by the orientation of scratches and grooves
which have been preserved on the surface of the bedrock. At the end of
the Ice Age, the temperature finally moderated enough so that the ice

sheet disappeared and the features of the glacial deposits were left much
the same as they are now. l

I e o

Chapter V
STRUCTURAL GEOLOGY

PISTRIBUTION OF SURFACE ROCKS

The distribution of surface rocks in Michigan is very difficult to map
because of the scarcity of exposures. Kxcept in the northern and south-
eastern parts of the southern peninsula, outcrops are very rare, and the
only clues to formation boundaries over wide areas are those in well
records. The local effects of topography on formation houndaries cannot
be determined because the hills and valleys of the present earth surface
may differ greatly in local districts from those of the bedrock surface.
Offentimes, the data from well logs are somewhat unreliable where the
bed rock is encountered. The rock directly beneath the glacial drift is
soft when weathered, and the driller often drives his pipe several feet
into the bedrock hefore commencing to save samples of the material
penetrated. The result of this oversight is that the boundaries of rock
formations are incorrectly mapped, and the thickness of the glacial drift
as determined is locally in error. The latier error may greatly distort
the picture of pre-glacial topography which is partly shown by the pres-
ent bedrock surface. Another source of error difficult to avoid is the
possible misinterpretation of the age of formations in shallow wells
which do not penetrate easily identifiable beds.

The map of the areal geology of the hard rock in Lower Michigan is
shown in Plate 1T, and the tentative nature of this map is indicated by
the dashed and dotted lines used for contacts. The regions which are
mapped in greatest detail because of rock exposures are in Monroe,
Jackson, Huron, Alpena, Presque Isle, Cheboygan, Emmet, and Charle-
voix counties. Recent test well drilling in Huron, Tuscola, Sanilac,
Livingston, Oakland, Wayne, Allegan, Ottawa, Kent, Roscommon, Kal-
kaska, and Presque Isle counties has aided in more accurately mapping
many of the contacts in these counties. The extensive deep well explora-
tion for oil and gas in western and central Michigan has necessitated
many radical changes in the formational boundaries, especially in Lake
and Wexford counties. Previous test borings for coal in Saginaw, Bay,
Midland, Tuscola, Genesee, Shiawassee, Ingham and Jackson counties
have greatly aided in the determinations of the formations from new
wells. The results of test well projects completed and under way in
Arenac, Ogemaw, Iosco, and several other counties have not been re-
leased, and the corrections which will necessarily follow any discoveries
that may take place because of these operations must be omitted from the
prsent map.

The following are some of the more important changes made on this
map: The concentric arrangement of the outcropping rocks is still pre-
served, but the width of the outcrop and the sinuosity of the contact lines
in many cases are very different than on previous maps. The changes in
the areal geology which were described in a paper by Thomas® have been
largely adopted. Other contacts that are radically different from pre-

i Thomas, W. A., A Study of the Marshall Formation in Michigan: Papers, Michigan Aecad.
Sei., Arts and Letters, Vol. XIV, pp. 487-498 (1930).

91
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vious maps are those in the vicinity of the Howell structure in Livingston
and bordering counties; the new boundaries of the Saginaw formation
in the northwestern part of the State in Wexford and Lake counties;
and those of the Traverse-Dundee, Dundee-Monroe boundaries in Che-
boygan and Presque Isle counties. Minor alterations have been made to
the Bedford-Antrim contacts in north central Michigan, in Leelanau and
Cheboygan counties, and in southeastern Michigan in St. Clair, Wayne,
Washtenaw, and Oakland counties. Changes have also been made in the
Saginaw formation, Grand Rapids series, Marshall formation, and Cold-
water-Sunbury-Berea contacts in the western counties of the State. The
Saginaw-Grand Rapids contact has been altered in Arenac County, and
the Grand Rapids-Marshall contact has been revised in Huron, Tuscola,
Ogemaw, Arenac, and Sanilac counties. The Coldwater formation also
appears at the surface beneath the drift on the West Branch structure,
Ogemaw County.

The “Red Beds” have heen added to the formation units, and the region
underlain by these beds is mapped in the central part of the State. The
complete continuity of these deposits is only postulated, but the charac-
teristic red strata have been found so regularly throughout the region
that the area mapped as “Red Beds” seems approximately correct. As
new information is gained from drilling operations the outer boundaries
now drawn will be found to have irregularities and there will also be
separate erosion remnants beyond. Accurate mapping will always be
difficult because the soft clay-like layers are easily mistaken for drift
material. Close observations in all new wells for the first appearance of
red colors should aid in further corrections of the boundaries of the
Michigan “Red Beds.”

The occurrence of outliers is illustrated by the remnant of the
Grand Rapids group in northeastern Allegan County (see pl. II)
and this suggests that numerous other unmapped remnants prob-
ably exist. The outliers of Marshall formation in Calhoun and Kalama-
zoo counties and in Hillsdale County seem to represent erosional rem-
nants of sandstone, which may be partly due to structural control of
pre-glacial drainage. The inliers or “windows” of the Grand Rapids
group in Jackson County result from the uneven erosion surface at the
top of the Mississippian and similar Bayport hills should protrude
through the Saginaw formation in other localities. The inlier in southern
Ogemaw County is indicated by the outcrop of Marshall sandstone in the
valley of the Rifle River. This exposure is due to a large anticlinal struc-
ture in the region (West Branch anticline), and the size and shape of
the mapped district is determined by a comparison with other better
known anticlinal structures in the State. The outlines of the formation
contacts in this area will probably be greatly modified when more exact
data become available. The peculiar shaped outcrop of the Saginaw
formation in central Arenac County may be evidence of the southwest
parallel syncline in the same structural trend as the Ogemaw County
anticline. (West Branch anticline).

The information from wells which outline the large Howell structure
in Livingston County necessitates several radical changes in formation
boundaries in this region, but the interpretation of both the boundaries
and the structure is by no means final. It is quite certain, however, that
all of the wells in the portions of northern Livingston County and
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