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LETTER OF TRANSMITTAL.

To the Honorable, the Board of Geological and Biological Survey -
of the State of Michigan:

Governor Albert E. Sleeper
Hon. Fred Jeffers
Hon. Thomas E. Johnson

Gentlemen: I have the honor to submit herewith a monographic
report on the Inland Lakes of Michigan, by Dr. I. D. Scott with the
recommendation that it be published and bound as Publication 30,
Geological Series 25,

This monograph is the result of several years of field study and
its object is to describe and explain the large lakes whose history is
a part of the history of the Great Lakes, as well as those smaller
lakes having an economic or aesthetic value. The book should be
of value to students and teachers of physiography, to tourists and
those desiring to attract tourists to the State, to State, city and.
town officials seeking park sites and municipal water supplies, as
well as to the fisherman and those who seek recreation.

The field work upon which the greater part of the report is based
was made during the summer months of 1913 and 1914. Progress
on the writing of the report was interrupted by the War and further
field studies and a reconnaisance of a greater number of the smaller
lakes were made in the spring and summer of 1920. Earlier pub-
lication was desired but compensation for the delay is afforded
in the more comprehensive report of a greater number of small but
locally important lakes.

Very respectfully yours,
R. A. SMITH,
Director.
Lansing, Michigan, Dec. 11, 1920,




PREFACE.

The number of inland lakes in the State of Michigan is not defin-
itely known but has been placed by some at greater than five thous-
and. They range in area from thirty-one square miles down to
small, unnamed ponds and, in the Southern Peninsula alone, more
than seventy have an area of one square mile or more. This number
is considerably increased when the lakes of the Northern Peninsula
are added. It has been estimated that lakes constitute about one-
fiftieth of the total area of the State, a percentage so large that one
may, with justice, entertain doubt as to their value to the common-
wealth.

This doubt becomes almost a conviction if one considers the well-
known fact that most lakes cover land of very high fertility. A
classic example of the value of such land is the bed of former Lake
Agassiz upon which is grown a large part of the enormous wheat
crops of the Dakotas and Minnesota. Assuming that all of the in-
land lakes of the State could be drained, more than twelve hundred
square miles of land of exceptional value would be opened to culti-
vation. In addition, it is probable that many nearby swampy areas
would likewise be made available for use, and sanitary conditions
be greatly improved by the extinction of the breeding places for
disease-spreading insects. Also lake deposits, such as marl and
peat, are frequently of considerable value and their exploitation,
which is usually destructive to the lake, may be a legitimate enter-
prise. But our initial assumption that all of these lakes can be
drained is impossible and, inasmuch as the data at hand is not
sufficient for a fair estimate of the areas that can be reclaimed in
this way, no attempt is made to state definitely their value. It is
obvious, however, that it would be enormous.

Yet, on the other hand, lakes in themselves are a very useful re-
source and function in such varied ways that, although a statement
as to their monetary value is impossible, there are many who
consider their presence, within limits, a valuable asset. Among the
functions performed by lakes may be mentioned their service as
natural reservoirs. They accommodate the waters of spring freshets
and melting snows with comparatively small rise in water level and
tl.ms lessen the flooded condition of streams and hinder the strip-
ping of the land. Also, by throwing dams across the outlets the
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outflow of the lakes may be controlled for
for example,—power,
ply, ete. The consideration of lakes as a sour
highways of commerce ang as a tempering effe
more particularly to the larger lakes and inla
fore, mentioned only in passing.
But the most important functi
mercial but lies rather
of man, Here one may rest

“Escaped awhile,

From cares that wear the life away,

To eat the lotus of the Nile,

And drink the poppies of Cathay,

To fling the loads of custom down,

Like driftweed, on the sand slopes brown,

And in the sea waves drown the restless pack

Ot duties, claims and needs that barked upon their track.”

Whittier.

The pure air, cool temperatures and simple conditions of life
stimulate renewed physical and mental vigor. Yet, lakes would
fail in their service as recreational centers were opportunities for
expression of the revived facultieg lacking. This, however, appears
contrary to fact, as shown by the ever-increasing numbers which
migrate to them each summer. :

The mere mention of the familiar water-sports should be sufficient
to emphasize the appeal of lakes to our physical natures. But the
appeal is deeper. Lakes are attractive not alone for their beauty
but to a large extent because they portray so faithfully our own
emotions and intensify the condition of our physical environment.
During periods of calm, winter’s solitude is accentuated by the ice-
bound expanse and, in summer, tranquility is reflected from the un-
broken surface. At times its leaden waters appear sullen, fortelling
impending storms, at others boisterous and jubilant, and again,

whipped to a state of fury.

Nor, is the intellectual side wanting. Of the various phases of
the study of nature none is more easily observed and readily in-
terpreted than Earth Science from the physiographic viewpoint
and that part devoted to the study of lakes is one of the most in-
teresting. Trom thig viewpoint undrained areas are considered
as one of the early phases in the wearing away of a land surface

by streams. As the streams deepen their valleys and stretch out
tributaries, all parts of the basin become completely drained and
lakes are, therefore, considered ag transient features of the land-

a number of purposes,
irrigation, logging operations, city water sup-
ce of food supply, as
¢t on climate applies
nd seas and is, there-

on of lakes is, however, not com-
in their unique advantages for the recreation

-
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scape. From a physiographic standpoint one‘ ma?' 1stud§f thei'eq}rfitnl’z
life history of such bodies of water. . In this w 011.1 t e p111i(‘1p

events to be deciphered are the origin of t%le basin, its dfzve op'-
ment by the various agencies active upon it and ﬁnal‘ly its ex
tinction or death. In addition, the study has a much Wl(l'el’ apphl-
cation, for lakes are but oceans in 1’niniatu.1’-e, except for tides, and
present similar problems on a more convenient SFa]e. n

From a practical standpoint the physiographic stm'ly of a Lll{f
gives a more intimate knowledge of and a closer acquallntﬁmcc \\rl v1
the conditions not only of the shores but the surroundmg coun n
This knowledge and familiarity cannot fail to be of ‘sermce.to the
resorter both in the selection of the lake and the site on it. ’To‘
illustrate, the larger lakes, although they may often be freacheroui
in times of storm, have advantages over smqller ones. 'lhe Slll]llllﬁl)
temperatures are apt to be lower and the very factors which mf‘ :c
the lake dangerous, inasmuch as they work on a large scale, cuke
beneficial in various ways. Thus, better and cleaner beflches are
built and the submerged terrace is broader and dr'ops into dfeep
water from depths usually greater than a man’s hel%’ht, 1:3ssemngl
the danger of accidents due to walking off the “drop off” or 'c’h'anne
bank”. The situation of the lake is important. and prox'n‘mt‘y to
other large bodies of water is favorable. The 1(16.?11. locatl(?n is. 1to
the east of a large lake because the winds, prevailingly flomY ttle
west, are cooled in their passage over th.e }arge expanse of water
which has a lower temperature than the air in summer. .

It would seem axiomatic that the shores and surrounding country
should be well drained, if the lake is to be'l%seful for su:mme"r
homes, in order to secure healthful living conditions and to 1nsu1ff
a minimum of pests. However, the writer'has seen far too nlam‘
resorts planned on a magnificent scale which exist only on pla"[h
executed for the use of distant real estate dealers and‘ hags helped in
locating some of the properties only to find them.smuatg'd O,H a;n
insignificant lake in the midst of a swamp. Physmgmp.luc s.tu(y
would eliminate this. An ideal site, according to the writer, is to
be found on lakes which have stood for a considerable time at an
appreciably higher level—of which Michigan has.many—for undejr
these conditions a sandy terrace is now exposed high and dry above
the level, surmounted by a cliff of varying height f‘r‘om the base of
which springs of cool, pure water often flow. - ‘

As stated above, lakes have served a useful purpose in t]}e storing
of water for various projects which, in most cases, necessitates the
building of a dam, thereby interfering with the natural level of
the lake in question. This may involve a raising or lowering of the
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level, or both at different times of the year, and results in serious

inconvenience and often damage to property along the shores. A-

lowering of the level means stranded docks and boat houses; a
strip of the bottom exposed that often becomes foul from swampy
conditions and decaying vegetation wunless the lowering is perma-
nent. A raising of the level is more serious and results in flooded
shores and an' increased activity of the waves. The latter is very
noticeable on many lakes of the State and various nmeans are em-
ployed to stop shore destruction by wave action. These, however,
afford only temporary relief and are g source of expense and con-
stant attention. In this case the physiographic principles seem to
be ignored.

I'rom the educational standpoint the study is also of importance.
Physical Geography, in whole or in part, is quite generally taught
in the schools of the State and it is truly educational in scope.
Furthermore, the process of reasoning is complete. Tt puts new
meauning in familiar things and only moderate teaching ability is
demanded to arouse a lively interest on the part of the pupils. But
it is not primarily a text book subject. Tilustrative material is a
necessity. Pictures may partially supply the need but by far the
best illustrations are those obtained by direct observation. Excep-
tional indeed are the localities that do not furnish abundant ac-
cessible material for field study. Our lakes illustrate one phase of
the subject of physiography and, on account of their number and
distribution, slould be a most valuable asset 1o the teachers of the
State. Even the smallest pond is of some value in this respect and
it is urged that advantage be taken of the opportunities.

It is hoped that from the brief statements concerning the points
of view from which lakes may he considered it will be clear that
both are well supported. As a matter of fact there are many lakes
in our State that might well be exploited commercially but there
are others which appear to be of greater value in their natural con-
dition. Each lake, then, becomes a problem in itself and a physio-
graphic study of the lake seems a prervequisite to its solution. The
technicalities of such a study need not be overwhelming. No
branch of earth science is more interesting that the study of lakes,
and no special equipment other than an active brain and a reason-
ably vigorous physique is hecessary. It provides both physical and

mental recreation of the best type and is profitable as wel] as in-
teresting. Familiar features take on new meaning and the changes
taking place are a source of continued interest. The writer is con-
vinced that the report of the studies of Michigan’s inland lakes,
undertaken during the summers of 1913, 1914 anq 1920, will be of

'
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eatest service if the needs of the increasing number of .suml.ner
5 itors and of those engaged in educational work are kept in mind.
f‘;‘llilerefore, the attempt has been made to p.reserllt the fassentlals ofr
the subject in as untechnical a way as possible in the %ntroguctoiq-
chapters. TFollowing the introduct.ory work are de’caﬂedh escr II?e
tions and discussions of the physiography of some of the mo
i rtant lakes. .
lmf’cmizaobvious that all of the lakes of the State could not be in-
cluded in this study and therefore a selection was Tnade ba.sedt.(f)ilz
the importance, accessibility, distribution and. pr.onnse of s‘c1.e1151 L
results. Mistakes, both of omission and c.om.mlssw.n, appear in th
selection as the work progressed, the principal dlfﬁcplty being in
the matter of distribution. In order to improve thlS', it was de;
cided to include a large number of lakes in a re('zonnamanc:e st.udy
during the summer of 1920 and the results of this work are given
in the final chapters. In these brief reports an attempt has 1.oeen
made to classify the lake basins and to state the type of_ the aqust-
ments that have taken place on the shores. Also some 111f.0rmat10n
as to the accessibility of the lake, localities where the adJustmen’Fs
may be easily recognized, and the desirability of the lake as a sum-
me;’ resort may be included. ‘ ' '

It is recognized that there will be some dlhs‘appomtment 111.the
selection of the lakes described in detail but this need not be serlous_
if one of the objects of this report is attained, namely, to prese'znt
the underlying principles in such a way that the;i may bé.z a.pphed
by those who may study these pages. Often the difficulty is in g.et-
ting a start and it is felt that the final chapters may be of service
in this respect. o

The first essential in undertaking a study of this kind is to have
a reasonably accurate map of the lake and its surroundings. Pre-
ferably this should show relief features; and the best to be ob-
tained are the topographic maps made by the United States Geolog-
ical Survey in co-operation with the State. These maps are about
thirteen by seventeen inches in size and are ma(.le on a sc:ftle of .ap-
proximately one inch to one mile for most districts, thus 1nc'1ud1ng
and area of nearly 220 square miles. They are sold by the Director
of the United States Geological Survey, and by the Michigan Geo-
logical Survey, at a nominal cost of ten cents and by all means
should be procured, if they are available. Unfortunately much of
the State is as yet unmapped, but encouraging progress ha§ been
made recently and we look forward to a more rapid production of

these most useful maps as the demand increases.
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Other maps that are useful are those issued by the United States
Lake Survey, Detroit, Mich. They are very accurate, both as to
shores and depth of water, but only a limited amount of the sur-
roundings is included in the map. These maps are made for naviga-
tion purposes and represent navigable waters directly connected
with the Great Lakes with one exception, the map of the Inland
Route including Crooked, Burt and Mullet Lakes.

In most cases the only maps available are the Uniteq States
Land Survey plats which give only the outline of the lake, and
this is not accurate. Those used in this report were corrected in
a rough way and, although far from satisfactory, are sufficiently
reliable for the purpose. Most county maps and atlases are com-
piled from these plats and may be relied upon to the same extent,

The three main problems to lje studied are, as indicated above,
the origin of the basin, its subsequent development, and its extine-
tion. The first of these involves a knowledge of the topographie
features of the region and necessitates an examination of the sur-
rounding country. It is often the most difficult to decide, and
valuable information will be found in a publication of the Michigan
Geological and Biological Survey by Frank Leverett: Publication
25, Geological Series 21, Surface Geology of Michigan.* The in-
serted maps are especially valuable and should be mounted on cloth
to save wear and tear.

" The development of the basin and causes working towards ex-
tinction are hest discovered by making a detailed study of the
shores and the off-shore lake bottomn. The use of a boat is necessary
for the latter and may be serviceable for a traverse of the shores if
the lake is large., In general, however, a traverse on foot does away
with the inconvenience of landing and gives more satisfactory re-

sults for the beginner. The sounding of the shallow water requires’

some apparatus. The writer found an exhausted dry cell a con-
venient weight but does not recommend any weight under twenty
pounds for deep water. Accurate soundings involve both depths
and locations. The process is tedious, and expensive instruments
are necessary, therefore this is not recommended. For our pur-
poses the depths of the water over the terrace and the width of the
terrace are desirable. The width is the more dilficult to obtain
but an estimation will answer the purpose unless a detailed and
serious study is to be undertaken.

If this report is successful, the physiographie study of lakes will

*Publication 25 is a revision of two earlier publications, viz.: Pup. 7, Surface
Geology of the Northern Peninsula and Pub. 9, Surface ‘Geology of the Southern
Peninsula of Michigan. Both these publications are now out of print.

BRRSER E e
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' s as well
4 s may fit themselves and others as we
result. Workers may bene : : ’ el
F)e the’rliesul’cs are known, and the writer will be g1.ad to relcellg\e z
: thee;tions criticisms, and new developments concerning lzlln} a 0}
S];gtghe Stat,e whether included in this report or not. The use
¥ i y rec ded also.
amera is strongly recommen . -
" C(U?Hustrations in the report are from drawings and PhOt:S
The by the author unless otherwise accredited. A‘ckno“ ledgmjs.n‘
gaphls ey to the many individuals who by information and seYr\ }tce?
e wuch of the field work possible. Mr, Frank Leverett, Dl;l E(v
ISn’caq[e nGreoloO‘ist has aided the writer in glacial problenis boltlbfe
son smunicati i t his disposal valua
nunication and by placing a ‘ .
e e i i The advice and assistnce of Mr. R.
at the time unpublished. e \ ; t
datjx’llﬁltformer Director of the Michigan Geologlcalh Sury ey an.(i
¥ 4I’ A7 Smith, present Director, have been of especial service 1L1
: ’ 8 j* 1 B 3 o .
f’f- p:osecution of the field work and the preparation of this report
e Pros
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CHAPTER I
THI ORIGIN AND CLASSIFICATION OF LAKIE BASINS

Lakes are numerous and the types of basing are many. If the
basing are classified according fo their manner of formation, com-
plications may arise on account of several factors entering into
the formation of a single basin. As the study is extended all of the
agencies which are shaping the land surfaces of the earth are in-
volved and it is, therefore, necessary to become familiar with the
broader phases of the work and results of these agents.

To the beginner, one of the striking facts derived from the study
of earth science is that the surface of the earth is slowly but con-
stantly changing. Uplift and subsidence of the land are funda-
mental conceptions and no longer is the expression “terra firma”
strictly applicable. [Elevation has lifted the continents higher
above the seas, while depression has served to deepen the ocean
basins.  On the first land waves, currents, and the atmosphere be-
gan their work, and with further elevation other agents—running
water, ground water, winds, glaciers—became active. In general,
the work of these agents is to wear down the land and transport
the material elsewhere, eventually to the oceans. The continents
occupy only one-fourth of the surface of the earth and are low in
average elevation compared to the depth of the oceans, therefore,
if elevation were inefficient or not active, they would soon be worn
down nearly to sea level. But the continents have stood for ages
far beyond the scope of human experience and, with-the land as-
sured, our interest centers on the agents which are fashioning its
surface. The agents which are of most importance for our purposes
are the atmosphere, running water, wind, ground water, and
glaciers. '

Tur AryospHERE.  One class of work done by the atmosphere has
been given the descriptive term weathering. Under weathering is
included the action of such agencies as frost, temperature changes,
plants, animals, abrasion by the wind, and the chemical action of
the gases of the atmosphere, all of which tend to break up the solid
rock into smaller and smaller fragments. The comminution con-
tinues until the particles are small enough to be removed by the
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various agents of transportation and, hence, may be considered a
process preparatory to transportation.

The lateral movement of the air, or wind, serves as a transporting
agent in addition to its action in the process of weathering.
In regions where the earthy material is loosely consolidated
and whose surface is unprotected by vegetation, e. g., deserts, sand
plains, and the shores of bodies of water, the wind is especially
active. The finest particles are picked up and often carried great
distances while the coarser sand grains are rolled along the surface,
collecting here and there in hills which are called dunes. The ma-
terial of the dunes is clean sand, irregularly stratified, and the
slopes are gentle on the windward side but steep on the lee. Where-
ever the sand is widely distributed, as on the sand plains in our
State, the dunes tend to assume a crescentic form, but along the
shores of lakes the supply is local and the dunes are heaped in
wild confusion, with little regularity except that the slopes are
characteristic. The latter are well illustrated along the western
cost of the Southern Peninsula from Michigan City to the Straits,
and the crescentic type may be seen relieving the monotony of the

swampy plains of the eastern portion of the Northern Peninsula. -

RunNixe Warer. Running water is one of the most important
agents at work on the surface of the land. Wherever rainfall is
sufficient the water collects in channels and flows onward, joining
other streams, until it reaches a trunk stream which carries it to
the sea. On account of their flow streams are able to pick up and
to transport the solid material supplied them by weathering. The
more swiftly flowing streams are able to carry larger particles
and greater amounts of all sizes. It is usnally the case that active
streams are not suppliel with enough disintegrated material to
tax their energy to the limit and some of this unexpended energy
is used by the suspended particles in filing, or abrading, the beds
of the streams. In addition, the solvent action of the water removes
material and the two processes working together deepen the stream
beds. Ifarly in the formation of valleys the process of weathering
attacks the sides and reduces the slopes until tributaries develop
along them, repeating the process. Also both the main streams
and the tributaries tend to work headward and increase their length,
pushing their tentacles farther and farther into the land and tap-
ping the undrained areas. Eventually the headward extension is
halted by encountering streams flowing in the opposite direction,
forming divides and limiting the size of the basin. In this manner
streames expeud into great river systems which occupy definite

G
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pasins, and the basins arve disseeted and lowered by the constant
removz’ll of material. - ‘

Probably the most important factor in determining the velocity of
a stream is the slope of its bed, and it is obvious that the slope,
and consequently the velocity, must gradually decrease as. the down-
ward cutting proceeds, since the mouth of the stream is 'ﬁxe-:.l a‘t
sea level. Eventually the transporting power is taxed to‘ its limit
and the stream can no longer cut downward because all‘of.lts enefg')7
is used in transporting suspended material and in friction. This
condition is reached first near its mouth and develops upﬁream, al-
though there may be local exceptions due to more easily eroded
rocks.

After the limit of downward cutting has been 1‘821(31.16(1 any further
reduction in velocity is accompanied by a deposition of some of
the load. The largest particles are dropped first and, if the decrease
in velocity continues, layers of increasingly fine mat_erial are ad'ded,
forming a deposit composed of layers whose constituent particles
are assorted in size and graded from coarse at the bottom to fine
at the top. The ideal condition is where a stream enters a body of
standing water, in which case the velocity begins to decrease at the
mouth and becomes zero at some point out in the 1ake.‘ But the
velocity of streams varies at different times of the year, being great-
est at the spring floods, and enables the stream to transport coa1*§e1‘
material at this time. Thus, instead of a single layer becoml'ng
finer in size of particles off shore, there is formed a verticle series
of strata showing the assortment and gradation mentioned above.
This assortment and regular stratification are characteristic of de-
posits by running water. .

Tt must not be assumed that the degrading work of a streal}l is
finished when the downward cutting ceases, for, at about this time,
the stream begins to swing laterally, or meander, and develops a
flat on both sides which is flooded during high water and is called
a flood plain, or better, a valley flut. Also the valley sides are being
flattened by rain wash and other agencies until finally, after long

" periods of time, the areas between the water courses have slopes

so flat that the material is not removed. At this time there is the
broad valley flat adjacent to the stream and on either side low
gently rolling plains stretch outward with almost imperceptible
slope toward the sea. Such a region is called a peneplain (almost
a plain) and represents the cessation of erosion by running water.
"~ Complete peneplanation is an ideal condition never realized as
far as we know because of interruptions of the process by uplift
and by the varying resistence of the rocks, some of which stand in
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6 INLAND LAKES OF MICHIGAN t least five times. The form
e . eas v .

a of the State of Michigan at . ine its last
relief above the peneplain and are called monadnocks. In case of the ar:e‘lﬁ.% tion of the material deposited by the ice during its
uplift of the land the power of the streams is revived and they and dxs’;l;v: determined the present land surface to a V.elfy gfe:xtchj
renew their attack on the langd. It is interesting to note in this rtﬁreatd since the basins of the inland lakes almost. Wlﬂi(‘)u o t]fe
connection that the peneplains that have been recoguized up to the tent alclcflr in glacial formations, some further consideration

tion o

present time have all heen elevated above their normal position, hut
erosion has not ag yet obliterated theip features.

GroUND Warpr., In some regions underground water is a power-
ful eroding force, although generally not so effective gs surface
streams. Tt is always present in the rocks and its source is rain.
Much of the rainfall sinks into the earth anq percolates through
the interstices and fissures in the rocks until its downward passage
is interrupted, when it flows or seeps laterally, finally reaching the
surface again. Tt ig interesting and important to note that water
is the greatest solvent known and its action is greatly inereased
when it contains other substances in solution, Thus, limestone. is
quite readily soluble in widter containing carbon dioxide, one of
the atmospheric gases, in solution, and in thig way funnels are i
formed in the surface of the earth through which the water passes
underground. The water sooner or later assumes a latera] flow,
which is usually localized along the fissures and the beds of the
limestone, and dissolves definite channels for itgelf which are called
caves or caverns. As the process continues the interlacing chan-
nels enlarge and the roofs become weaker until finally they fall,
blocking the cave with rubble.

The surface effects are at first a number of depressions, known as
sink holes, which increase in number and extent, forming extremely
rough ravines with occasional remnants of the roof standing as
natural bridges. The sinks are often clogged with fine material
and become lakes.

Gracimrs. Under thig heading we wish to include only the work ,
of the great ice masses which spread over the land and replace
the variegated landscape with g cold, white, monotonous solitude,— !
an absolute desert. These continental glaciers advance and retreat : ‘ d the melting which has the opposite
over thousands of square miles of the land, grinding and plucking ing to advance the ice edge, an t exceeds the melting, the
the solid rock, incorporating and carrying forward the disintegrated ; effect. Whenever the forwarq movenlelifl t]SiS Tocess causes an ex-
material, and depositing it near their borders ag they melt. The ice front advances and a continuance o A CI;ssiVe melting causes
movement is outward from centers and is to some extent independ- tension of the glacier. On the other hand, ex

work of glaciers seems necessary.

i ter of the ice
i visconsi lacier showing lobate charac
i 1A stage of }?gnt‘,h(b;(f)tl'lebl}n’l‘z%?ocl{ and Leverett)
i tantly.
It is essential to remember that the ice moves forward cons o n)t
) i i X nc -
The forward movement continues until temperatul?; alre e o
ice effectively an
i / enough to melt the
ered which are warm g ! . o
determines the position of the margin of the ice. Thtus,f 1L the borcer
" . iv rward movement o
there are two factors active, the fo

rs are equal it remains
ent of the slope of the land, However, large depressions like those a retreat of the ice front and when ’[-)Oth ‘faiicollessa;z; ‘1‘;2 shifting of
occupied by the Great Lakes serve gg channelg along which the jce ‘ stationary. The movement of the ice partic

movement is accelerated, forming great projections, or Iobes, in the . the ice front should not be confused. land which they over-
ice front. Sece Fig. 1. Such an ice mass covered northeastern North . Glaciers of this type profoundly affect the la

Il(le 1n ac W * W y l 1'0 L 0 tlng gI’eat
k and in o hefs dep S1
| B ( ‘ s pl ces eallng awa ¢ C . A
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quantities of material which ig so characteristic in constitution and

form as to be readily recognized. Tce itself has little or no power to

wear away the rock over ywhiclh it passes but, by sinking into the
fissures which are universally present in rocks, it grasps the sep-
arated blocks and plucks them away in ifs forward movement,

Such blocks of rock when ﬁrm@ly frozen in the base of the glacier

become powerful abrading tools which grind away the solid rock

leaving smoothed, polished, striated, and grooved surfaces.

The various glacial deposits to which the general term drift has
been given, although differing greatly in form and material, have
one predominating characteristic, that of heterogeneity. By this is
meant that the material ig composed of many different kinds of
rock. It is the direct result of the immense gize of the glacier which
traverses great distances, encountering many different rock forma-
tions all of which contributed to its load. Some of the deposits are
laid down by the ice alone and these, although varying in form and
relief, are readily recognized by the character and disposition of
the material. In addition to itg heterogeneons constitution, this
material, known as bouwlder clay or till, is of all sizes from the
finest “flour” to immense boulders, with no indication of assort.
ment or stratification gas described for stream deposits. However,
stratified and assorted glacial deposits are common and these
indicate that the glacial material wag worked over by running
water. Such deposits offer no difficulty of explanation when it is
realized that the melting of the jee furnished g great volume of
water which flowed away from the ice or was ponded in front of it,

The characteristics and manner of formation of the glacial de-
posits may be best understood by imagining the existence of a
glacier. Whenever the ice front remaing stationary for g period of
time, the constantly forward moving ice with jts load ot earthy
material may be likened to a belt conveyor except that, instead of
returning empty, it melts. The earthy material, unevenly distrib-
uted in the ice, is carried forward and deposited in hummocks at
the margin. The resulting land form, known as a moraine, is a long,
curved ridge of till whose surface is composed of irregularly dis-
tributed knobs and basins. Its width ig relatively narrow but its
length may be hundreds of mileg,

At the same time the waters from the melting ice flow forward
carrying great quantities of material which is deposited either
among the moranic knobg in rounded hills of irregularly stratified
sand and gravel, called kames, or just in front of the noraine, In
the latter case the streams are often heavily clogged with drift and

r
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3 g > e
tend to braid rather than keep to definite channels. Under thes )
el ¢

i 4 ray from
C i i{)]lg broad plal’]ls are 1()1?1116(] \Vhl( h S]()pe ge]l“.s aw auV
Con ¥

the ice and are composed of assorted and often stratified material.
hey are known as oufwash plains. . .
lhl? 1’21}6106 advances, the forms discussed a‘lbove W1111b.6 ov;zrtr]'igdiiz
by the ice and obliterated or covered, but 1.f .the malg,,rm (])l e dee
etreats these forms will remain and, in addition, others w IC' 1
I‘etv‘e" 1 by the ice are revealed. Of these the ground moraine, or
Z)Z\l G;Z‘Zm gis the most common. As the names 'sig.nify, it is conipnosved
of’ bouldc}r clay and has some of the characteristics of the m;); ?111111131
Its surface has a knob and basin topography bu‘g the .slo%)les Izltd el
more gentle and the relief lower. The expression swell a g
commonly used in describingbthesdebfei’ilurfie;  the drumin. Those
Another topographic form bared by the .
elli&p]t(i)cal hillIS), composed of co'mpa((lztfbouldflfeclsag,e hizselibsll‘;lo‘?g;
g rface and, when viewed from , : Y
:,f;]slze?xei f)lllano-conve; lens which is resting on the ﬂz}t] sifie. O']f.‘hte]iz3
lengtlvl varies but is usually a mile or less and the rela ior;h P
dimensions to each other will be clear from the s'tatemeln (nzzl o
height may be measured in feet, t].le br’ead'th in y{fi E, i;x o e
length in rods. An interesting relationship is that o " e , r:di-
axes which are apparently parallel for ?oca.l areas bu.t show a 1( o
al distribution over larger tracts, in-dlcatmg. an gl}gnnlen’; ‘al(;:hZ
the direction of ice movement. The theories advanced 01(*1 o
manner of their formation are diverse and need not be conside
hcil‘e];e last of the forms uncovered by the ice to b.e cons'ldert?[(}E i:
the esker, a low serpentine ridge rising above the till Plaln. e
composed of imperfectly stratified sand and gravel and 1.s1 usuaIty is
few feet high, yards in width, but m-ay extend for miles. o
thought to have been formed })y -deposruon by streams running
finite channels underneath the ice. .
dLThe forms discussed above may all, with th.e exception 0]; dmillne;
lins, be referred to a definite position of-the ice front. W ei dl_
ice border is stationary a moraine is piled up, the strengt' 1 'e
pending on the length of the halt and the .amount of matem? in
the ice. At the same time the forms deposited by the Wateru ro.m
melting—outwash plains, kames, eskers—are developed lé)cahy .11;
their respective positions in front, nea'r—by, .and back' 0 tUedzcr-
margin, and may or may not be presel'lt in a given locahty.Th n1 o
neath is the till plain on which drumhns. may be formed. e re
tive position of these forms is shown in Fig. 2.
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tions of some of the stronger moraines of the Michigan and Huron-
Erie lobes, numbered in the order of their formation. Two things
are plainly evident, the lobation of the ice and the duplication of
the moraines in roughly parallel sequence. The lobation became
more pronounced as the ice retreated and the narrow interlobate
areas, areas which lie in the angle made by the junction of two

Fig. 2. ativ it s i
g Relative positions of glacial deposits, (after Tarr and Martin)
i A in}.

As stated above, most of the surface of the S

; . tate i . . .
glacial deposits left by the great ice sheet durine | S composed of Jobes, were regions of excessive accumulation due to the presence
In recent geological time, a;d some ide:le f }fllilng ltts final retreat of two ice margins in close proximity.

. ‘ 0 e natur i . . . .
treat may be gained by a consideration of fhe i l.lbet.of this re The duplication of the moraines, a few of which are shown on
: stri .. . .
deposits. The accompanying outline map, T'ig. 8 h ption of the the map, indicates a gigantic and thoroughly contested struggle be-
» 18. 3, shows the posi- tween the forward movement and the warmer temperatures which

caused the melting of the ice, with the latter victorious. Thus, the
ice advanced overwhelming everything in its path until checked
by melting, when it entrenched by building a moraine. This posi-
tion was held until the margin was forced back to another stand
where the process of entrenching was repeated. Again and again
this occurred with occasional minor advances which served only to
prolong the struggle, and the ice retreated haltingly before the
onslaught of the weather.

Another effect of the recession of the ice was the ponding of
great bodies of water between the ice front and the divides. It is
readily seen that, once the divide had been uncovered, a flat trough-
like depression stood in front of the ice edge whose margins were
the divide on one side and the ice on the other. The filling of such
depressions with water gave rise to a series of lakes adjacent to
or filling the present basins of the Great Lakes. As the ice receded,
larger and larger depressions were uncovered and lower outlets
were found, forming a succession of lakes each of which, with some
exceptions, was larger but stood at a lower level than its predeces-
sor. The history of these lakes is complicated and has been fully
described in the publications of the Michigan Geological Survey
and elsewhere. Yet the history of many of the inland lakes is
closely connected with the two stages preceding the present Great
Lakes, and a brief description of these is added.

The earlier of these lakes is known as Lake Algonquin and in-
cluded all of the Great Lakes except Ontario, which was covered
by the waters of a lake called Iroquois. The relation of its out-
line to those of the present lakes is shown in Fig. 4. Its shores now
i}ligggsiggew southern Iimits of the Wiseonst nsysittgrgns off Michigan. - On_ this map are stand at elevations varying from 596 feet above sea level along the
Homs: morani:lzng%%éfn .system; 3, the Valpa1*is0-Ch;rlo%t2C1§1t;3§ﬁic2’s;sht%n}{;alifnangl?{ southern borders of Lake Huron to 720 feet at the Garden Penin-

sula, Big Bay de Noc, Lake Michigan, and 940 feet in the vicinity

of Marquette, that is, above and atvarying distances back from the

Fig. 8. Map of the principal moranic
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shores of the present lakes. The map shows that g relatively nar-
row strip along the Superior shore of the western part of the North-
ern Peninsula was covered by these waters and that only a small
portion of the eastern part was uncovered at this time, the land
areas being islands. In the Southern Peninsula g considerable
area in the northern part was covered by Lake Algonquin and the
shore was very irregular consisting of many bays, promontories, and
islands. Farther south the areas covered were narrow strips of
land adjacent to the present shores of Lakes Huron and Michigan.

The stage immediately preceding the present is known as Lake
Nipissing which occupied the same basins as Lake Algonquin but
stood at a lower level and Was somewhat smaller, in fact wag but
little larger than the present lakes. Tts outlines are shown in Fig 5.

Y
i

Fig. 4. Map of Lake Algonquin showing relation to bresent Great Lakes, (after
Taylor and Leverett).

On the borders of the Northern Peninsula the Nipissing heaches
stand at elevations from 10 to 60 feet above Lake Superior and are
usually found a short distance inland. In the Southern Peninsula
the beaches drop in level and the areas covered by this lake be-
come smaller to the south. Ag in the case of Algonquin time, the
northwestern part of this peninsula was an archipelago, and many
of the inland lakes in thig region have the shore lines and terraces
of Lake Nipissing standing above their present shores.

It is hoped that the brief stajement of the work of these agents
given above will enable the reader to comprehend more easily the

" i g ig nature.
flical terms that are necessary in a report of this
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ori hus, the Northern Peninsula 1s
e Huioi’re ii%en]‘tlg; Larjlil(iu;’upterior, St. Mary@ River, aSn(i
boundea' t?'a . an the eastern part is truly a peninsula. e-
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'Flg . Cl?lns tlxizalbrivers may be included with the lakes, .mal;mb-
}c?zel;lﬁ((ll cor?rriection Jess than 70 miles in width for the entire pen
1e 1
e thern Peninsula, surrounded on all sides.except hthii
The SOE f]:e waters of Lakes Michigan, Huron, Erie and t ea
Southe”} : is a broad peninsula which bears a resemblanc; ':cro :
2(1)2;1: (;Jt;(l)ll(l;’wlith the thumb just east of Sagine}w B.aty.FiSee6 1;:,s a
- NortaErRN PENINSULA. The Northernll)er{mslule(l:th jl.d };as .
rather narrow strip of land about 330 miles ilg ;311'1112:,e T
average width that is estimated at less than o .




o

14
INLAND LAKES OF
MICHIGAN
L ORIGIN AND CLASSIFICATION OF LAKE BASINS 15

ig irregular, having two prominent projections—Keweenaw penin-
sula on the north and the Menominee district on the south—and
numerous smaller points and bays as well.

The altitude ranges from 580 feet above tide at the shores of
Lake Michigan to more than 2,000 feet at the Porcupine Mountains
in the northwestern part of the Peninsula. On the basis of eleva-
tion and underlying rocks, the area may be divided into two definite
provinces: One, the Highlands, which is underlain by rocks largely
of PrePaleozoic* age, lies west of a north-south line passing
through Marquette, and the other, the Lowlands, extends eastward
from this line and is underlain by Paleozoic* rocks. Glacial drift
has been deposited over almos( all of the Peninsula, the exceptions
being more numerous in the Highland province.

Hicaraxp Province. This province extends from the meridian of
Marquette westward and southward beyond the boundaries of the
State, and stands at an average elevation of 1600-1800 feet above
sea level, or 1000-1200 feet above Lake Superior. The region is a
table-land which rises rapidly from the Lowlands on the east and
north and its surface is covered with a variable thickness of glacial
drift through whieh a relatively small number of hard rock knobs
projects. The relief is moderate with differences in elevation which
probably do not exceed 500 feet locally and are 100-300 feet an the
average. The greatest elevations are rock hills which reach a max-
imum height of 2023 feet in the Porcupine Mountains.

The Highlands are a part of a great uplifted peneplain whick
was formed in ancient times. The underlying rocks are mainly of
Pre-Paleozoic age and consist of crystalline masses and banded
rocks the distribution of which greatly influenced the action of
streams, causing, thereby, characteristic topographic forms. The
erosion was profound and interrupted by several uplifts but,
throughout the vast interval of time during which peneplanation
was accomplished, the crystalline masses resisted erosion and stood
in relief above the peneplain as monadnocks. The banded rocks
were tipped on edge and presented alternately weak and resistant
layers to the action of the streams. The hard layers resisted ero-
sion and stood as monadnock ridges whose longer axes are roughly
parallel to Lake Superior, while the softer layers were bevelled by
the surface of the peneplain. The ridges were not continuous but
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*Cenozoic includes Present The geological time scale, the main divisions of

. and Glacial times which are given, is tabulated ‘to give the effect

Fig. 6. M . T\)’Tﬂsozmp of a great column of superposed rocks, the oldest
- Map showing physiograpn; . Paleozoic at the bottom and the youngest above in the eorder

= ¢ brovinces of the Norther . . Proterozote }Pre—PaIeozoic of formation. The position in the scale gives the

1 Peninsula. ‘Archeozoic relative age. It will be seen that the recks under

discussion and of all of Michigan as well, except

the glacial deposits, stand low in the scale and are,
therefore, ancient.
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were crossed by streams, forming gaps which served gs channels

for the advancing ice of glacial times. Upon the peneplain and

about the monadnocks were deposited paleozoic sediments which
were largely. removeq by erosion before the advent of the ice,

- The effect of the ice action was to scour out the gaps, round off the
hills, and fill the valleys with heavy deposits of drift obscuring most
of the former surface, Thus, we find today an area covered for the
most part with glacial material through which rock knobs, either
rounded or linear in form, project. The more important regions
where such knobs are found are the Porcupine Mountains, Gogebie
Range, Keweenaw Range, Huron Mountains, Marquette Range, Tron
River district, and the Menominee district. Of these; Sheridan Hill
in the Iron Riyer district and gome limestone capped hills in the
Menominee distriet, are composed of Paleozoje rocks,

The glacial deposits of this province were laid down for the most
part during the Iast recession of the jce by the lobes that extended
into Lake Superior and Michigan with their subsidiary lobes,
Keweenaw ang Green Bay. The part first uncovered by the ice ig
in southern Tron Counfy, an area of till deposits with drumlins

or drumlin-like hills, A great moraine sWings around this area,
formed on the norty by the ice of the Superior lobe and on the eagt
by that of the Michigan lobe. The succeeding moraines show the
same directionsg. Thus, the moraines, the inter-moranic till plaing,
and outwash run roughly parallel to Lake Superior in the western
part of this Drovince, except where influenced by the Keweenaw
lobe. They have g nearly north-south trend in the eavtern part
which was covered by the Michigan 1obe.

The Highlands are drained to Lakeg Superior and Michigan with
the exception of 5 small area in southerp Gogebic County which is
tapped by the Wisconsin river, The drainage ig controlled both
by the glacial formations and the pre-glacial topography. Tn ihe
western part a strong moraine forms the divide, and in the vicinity

of Watersmeet are situated the headwaters of the Wisconsin, On-
tonagon, and Menominee rivers, To the east the divide shifts north-
ward to a watershed north of Michigamme composed of thinly
drift-covered crystalline rocks from which streams flow in all di-
rections. The drainage is incomplete and small lakes and swamps
are abundant, especially in the morainic distriets and the thinly
drift covered area north of Michigamme, There are several lakes
of considerable size in thig province whoge basins are of excep-
tional interest ang will be discussed later,
Lowrann Provines, The Lowlandg extend from the meridian of
Marquette eastward to the Sault Ste. Marie and swing to

™

ORIGIN AND CLASSIFICATION OF LAKE BASINS 17
the southwest into Wisconsin and I\Iinnesowm in a} bl'()zl(l ts;:ll;
circle. The greatest extension of'the L(fwla]mls 211(‘)1.15‘; }llff);;()z}f o
edge of the Highland region is toundl I the coil‘ttlj:ll(t;(ﬂe "
weenaw Bay to the southwest and this is Con,].lu ed 1
Lowland area to the east by a narrow coastal strl.p. er i the

This region is on the average n‘)ore than 1000 'feet ]g;\()@}o ):.lbo\-e
Highlands aud its general elevation dogs n(.)t ekéeedsd]i“.— bfr ;bove
the Great Lakes, although in places it 1'1se.s comu,uil 111 vt'l ‘
this. It is underlain by Paleozoic rocks which slopci%(?n, 5: ‘1t1im(l
southerly direction. The bevelling of t‘l?ese 1‘0(’1@ by' %llmllt“ i%hid)
in pre-glacial times gave rise to a plfun arranged 111. )L. : e
mark the surface exposures of the various layers of d1p1\)111h ro
These belts run roughly parallel to the curve of the north shores
of Lakes Huron and Michigan. y N

The hardness of the different layers varies, anq the .so.f‘ter‘\xrele
worn into broad valleys whereas the harder s‘mod. in relief in f-ormsj
peculiar to this type of structure. They cons;st of l‘ow, 11}16]&1)
ridges which slope gently on the side fon'ned by. the surta(?e 0% ;12
rock layers but are more abrupt en the side which C’uts‘ afrosstl 1(7,
layers. Such forms are known as cuestas. In this region 1e)t
have almost imperceptible southerly slopes but stand usually ab(')u
100 feet above the plain to the north, although in places bluff-like
escarpments with altitudes of 200-300 feet are found, for e}\tamplle,
Burnt Bluff, Big Bay de Noc. Two cuestas al:e p.resent 1'11.T}.11s
province, one near the south shore of Lake Superior in the vmn.uty
of Munising which swings to the south in itg eastward extension,
and another just north of the Michigan and Huron shores. .Both
are largely obscured by glacial deposits but thfz southern s th(f
better developed. It begins with the Garden Peninsula at Big Bay
de Noe and continues across the Lowlands to Drum'mond lsla‘nd
and eastward across Lake Huron as a great seri.es of islands Wth:h
partially isolate the North Channel and Georgian Bay from Lake
Hl&‘rlfgl.I‘Evcession of the ice in this region was from soutlh T.,o north

and there is in general an east-west trend to the‘ depos.lrs. As

shown in Fig. 3, a low moraine runs the le.ngth ‘of this provm\cae. 11&

large morainic tract is also found at the 3111.1ct10n-of Luce, bch(;oic:

craft, and Mackinac counties and .auother important tOPng‘fp 11‘

feature, aside from the thinly drift co‘vered southé’}rn. c1??> 3;. 1?

the great swampy plains. The two most }mportant are’f‘ho‘SL W 1cd
form the major part of the drainage basms of the l\lalllér:quli an !

Tahquamenon vivers. These sandy plains haxie Vef'}f gentle s gpes

and are almost featureless, the greatest relief being the smau,

i
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but frequent sand dunes each crested with a clump of pines which
accentuate the grass covered plain. These plains are the result of
stream deposition and may be referred in part to the waters escap-
ing from the ice border.

The drainage of the Lowlands is very poor and a large percentage
of the area is covered by swamps and lakes. In the western part
the divide is far to the north, giving a drainage area for the Man-
istique river of 1,400 square miles. To the east the divide swings
southward and separates extensive basins on either side which
are drained by the Tahquamenon and Carp rivers. The portion of
the Peninsula east of St. Ignace and White Fish Bay is drained
mainly into the St. Mary’s River and Lake Huron. The inland
lakes are found among the moraines, on the outwash plains, and
along the shores of the Great Lakes, the largest being situated
in the low morainic tract south of Seney and McMillan, and along
the shores of Lake Michigan near Manistique and St. Ignace.

SourHerN Pexinsura. The altitude of the Southern Peninsula,
Fig. 7, is, in general, much lower than that of the Highlands of the
Northern Peninsula and corresponds more nearly with that of the
Lowland province. The highest points are found in Osceola county
where elevations in excess of 1700 feet have been noted. The lowest
altitudes are obviously determined by the level of Lake Erie, 572
feet, in the southeastern part of the peninsula. Ninety-six per
cent of the area stands below 1200 feet, and probably the average
elevation iy not greatly in excess of 800 feet above the sea. The
highest area is situated in the northern half of the peninsnla, em-
bracing about 1500 square miles largely within Osceola, W exford,
Missaukee, Crawford, and Otsego counties, and exceeds 1200 feet
in elevation. Other elevated areas are found in the southern part,
chiefly in Hillsdale county.

The Southern Peninsula has been divided into several physio-
graphic provinces which have g diagonal trend in a northeast-
southwesterly direction. See Fig. 7. Beginning in the southeastern
part is a low plain, the Erie Lowland, bordering Lake FErie and
to the northwest is the Thumb Upland, extending in a northeasterly
direction from Hillsdale county to the Thumb. This gives way to
the Saginaw Lowland, to the north of which lies the Northern Up-
land.  The Michigan Lowland follows the Lake Michigan shore
and is an exception to the diagonal trend.

The underlying rocks are of Paleozoic age and are closely asso-
ciated with those of the Lowlands of the Northern Peninsula.
Structually the rocks dip towards the center of the State and form
a shallow basin which has been bevelled by erosion, distributing the
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cdges of the various formatio.ns in conceuicric ox'alf, 'ﬂ?icl;’ ;)1111;3
within the other. The formations are of different le.SIT-C,U s o
the sandstone in particular yvielded slowly to the GIObvl\ et acfe th};
The general relief features of this area before the advent o

W

ot Huron
LAKE  ERIE
INDIANA Ghio /’J\(
i i rovi i Southern Peninsula, (after
Mg, T g ing physiographic provinces of the o
Vg T. Map showing I:"oté: Erie Lowland not designated.

Leverett).

glacier bore a striking resemblance to the present in that the

larger features were similar in kind and distribution. |
were upland areas in the northern and the southern parts with low-

lands between and on either side.

The low area in the northwestern

Thus, there
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part between Ludington and Frankfort would now be below sea
Ievel if the glacial deposits were yemoved,

In contrast to the Northern Peninsula, the glacial deposits of
the Southern are largely those of an jce invasion just previous to
the Wisconsin, or last stage, and form not only the main filling of
the valleys but in places prominent ridges. The lobation of the
ice of the earlier glaciation was similar to that of the Wisconsin
stage and the same areas Wwere, in general, regions of accumula-
tion. Tt is of interest to one engaged in the study of lakes to
know that the present surface features are largely due to the
veneer of drift left by the last jce recession,

During its maximam extension the ice of the Wisconsin stage
covered the entire Southern Peninsula and its recession uncovered
first an area in the southern part of the State. See Fig. 8. In-
spection of the moraine numbered 2 on the map shows this ares
to have been interlobate between the Michigan and the Huron-Erie
lobes. With further recession two narrow interlobate areas were
formed on either side.of the siall Saginaw Lobe, as show by
moraines 3 and 4 on the map. Thus, there were areas of excessive
accumulation in the southeastern part, more or less coincident with
the Thumb Upland, and in the northern part, coincident with the
Northern Upland. The latter was an area of especially great accu-
mulation, and here are found extensive moraines, till plains, and
broad outwash aprons, the latter constituting the great sand plains,

The apparent coincidence of the pre-glacial pliysiographic pro-
vinces of thig peninsula with those of the present time would lead
one to infer that the pre-glacial topography controls the present
relief but such is not the case, since the colresponding areas do not
actually coincide except possibly in the Thum} Upland. It ig prob-
able, however, that the wain influence was the indirect oune of de-
termining the positions of the ice lobes and thus the moraines, and
that the present topography is due, for the most part, to the dis-
tribution of the drift, and near the shores of the Iarge lakes to the
working over of this material by the waters of Lakes Algonquin and
Nipissing. However, it may be that some of the topography in
Hillsdale County and in the region northwest of Thunder Bay is
referable to the underlying rocks. Siream action since glacial
times has modified the surface so slightly that it ig negligible.

The drainage of the Southern Peninsula is determined in its
larger aspects by the physiographic provinces discussed above, and
the sources of the main streams are found in the high interior por-
tions. In the northern part the divide is situated near the center
of the Northern Upland and the streams flow outward to Lakes

-
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Michigan and Huron. In this If)(:alit'y th.e headv atels O-ft the\iﬁl};
kegon, Manistee, and Au Sable rivers are 11} close plOMnutij. quo( n
of the smaller streams, however, have their sourceﬁ on , 1.6 t he
of the upland province and flow more or less directly into th

](ﬂii&the southern part the long Thumb Upland forms a veritaplle
watershed and on this are located the sources of the St J?-S,ep,_l,
Kalamazoo, Saginaw (south branches), Huron, and Raisin riv els:
As in the northern section, the minor streams head on the slopias
of this province and flow directly to the lak.es. .Bet‘W(.een the tt\;lo
upland areas lies the Saginaw Lowland which is drained by the
Grand and Saginaw Rivers.

Notable and peculiar drainage patterns are shown by sonTe of
the streams, especially the Saginaw and Blaclf (Thumb. region),
but these are «due to the distribution of glacial material, more
-especially the moraines and the uplifted beaches of the p)redesesq—
sors of the Great Lakes. In Alpena and Presgug Isle (,oup 1e:
are many sink holes, and the surface drainage is ln'terrupted b};
these in some cases. From the distribution of the smks and the
presence of “fountains” in parts of Thunder Bay,‘ it has been
inferred that there is an extensive underground dramage sysltemy,
reaching from this region to the vicinity of Black Lake in Cheboy-
gan County, but this has not been carefully wor1.<ed out‘ as ye‘f. ‘

The abundance of lakes in the Southern Penlnm'ﬂa' is an mdlca:
tion of the incompleteness of the drainage, and it is noteworthy
that many of the larger as well as the smaller lakes are to be found
in the morainic districts, for example, in the northern and southern
interlobate areas and in the morainic region within Ca%houn, Barr‘y,
and Kent counties. Aside from the lakes due to the 1rre.gular dis-
tribution of the glacial material, there arc those b'ordemng Lakes
Michigan and Huron which are more important in the extreme
northern part of the peninsula.
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ORIGIN OF LAKE BASINS

A physif)gr&phk study of lakes has as its starting point the origin
of the pas1ils, and studies in the past have resulted in a classification
accor(.hpg .to manner of formation which includes many types
T.he list given, although not complete, will serve to illustrate the
diversity of types.

Diastrophism (movements of the

Qarth’s crust) New-land lakes
Slow movements Ponded lakes
Rapid movements (faulting) Basin range lakes
Rift-valley lakes
Tarthquake lakes
Vulcanism Coullee Lakes
Crater lakes

Gradation
Rivers Ox-bow lakes
Alluvial dam lakes
Saucer lakes
Crescentic levee lakes
Raft lakes
Delta lakes
Side-delta lakes
Waves and currents Lagoons
Wind Dune lakes
Glaciers -
Mountain Rock basin lakes
Valley moraine lakes
Continental Border lakes
Morainal lakes
Marginal
Ground

Morainal dam lakes
Inter-morainic lakes
Pit lakes
Glint lakes
Ice dam lakes
Glacial lobe lakes
Glacial scour lakes
: Tosse lakes
Ground water Sink lakes
Karst lakes
Landslide lakes

Gravity
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1t ix seen from the list that diastrophism and the gradational
processes of rivers and glaciers produce the greater number of types
of basins, but of these, glaciers are productive of the greate‘r num-
of esamples, and the lakes thus formed are of greater import-

Although it is comparatively simple in most cases 1o assign
here it is difficult

ber
ance.
the general cause of origin, there are many cases W
to determine the specific cause, inasmuch as several factors, each
of which may be sufficient to form a lake basin, have been active.
JFor example, basins due to deposition by continental glaciers are
easily recognized but it is often a perplexing study to determine
which of the various deposits plays the most important part. In
cases where several factors enter the most important must be de-
¢ided upon and the lake classified accordingly. Within the State
of Michigan lake basins of the following types have been recognized:

Jraciers
Continental Glacial scour

Morainal
Morainal dam
Pit
Inter-morainie
Fosse

Waves and currents Lagoons

Diastrophism Rift-valley
Ponded

Ground water Sinks

Rivers Ox-bow

It i clear from this list that a considerable number of types
have been recognized but by far the greater number of examples is
due either wholly or in part to glacial action. In fact, there are
but few that can be referred to other causes but they are interest-
ing in that they are exceptional, for this State at least, and their
characteristics as well as those of glacial origin will be given.

Rivers. Ox-pows. Lakes of this class are found in the vieinity of
streams which have reached the limit of downward cutting and
are meandering. In streams of this age the adjustment between the
carrying power and the material in transport is so close that even
a slight decrease in velocity will cause deposition of some of the
suspended material and, on the other hand, any increase will cause
removal. The current of a stream that is meandering on a valley
flat is increased on the outside (convex) side of the bend and cor-
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respondingly deceased on the inside (concave). Therefore cutting
takes place on the outside and deposition on the inside and at the
same rate. This causes the meander to increase in swing, the width
of the stream remaining constant, and also deepens the channel
next the outside bank. In addition to the increase in width, meand-
ers tend to work downstream, due to the fact that the stream is
running down a slope. The neck of the meander is gradually worn
away and the stream eventually straightens its course. The ends
of the abandoned channel are soon filled by deposition and a lake
formed. The characteristics of such lakes are: Its position on a
valley flat composed of alluvium, crescentic shape, and greater
depth near the convex side. See Fig. 8. An excellent example of
an oxbow lake is that shown on the map in IMig. 8 and lies on the.
valley flat of the Huron River (Washtenaw County) about three
mriles below Ypsilanti.

Grouxp Warer. Sixks. These lakes oceur in regions underlain
by limestone which is readily soluble in water containing carbonic
acid gas in solution. The water with its dissolved gas seeps through
the fissures and bedding planes of the rock and carries away much
material in solution. The underground openings thus formed
sometimes reach large dimensions and are called caves or caverns.
The continuation of the process finally causes the roof of the cave to
fall, forming a depression on the surface which may become filled
with water. Such basins may be irregular in shape but are gen-
erally somewhat circular in outline and have no surface outlet, al-
though they may have inlets. The characteristics are shown in
Fig. 9, ,

4 Miles.

Fig. 9. Map andg diagram to show manner of formation of lakes in sink-holes,
(after Hobbs).
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Lakes of this type arve rare in this State and are confined to the
Southern Peninsula as far as now known. Ottawa Lake in the
southeastern part is ascribed by Lane to this cause.. Numerous
sinks occur in Alpena and Presque Isle counties but no lakes oc-
cupying true sink holes are known. Sunken Lake, a few miles
south of Metz in Presque Isle County, is closely related to this type
of iake and was visited by the writer. It has little interest except
as a type of basin and is now permanently dry. It appears to be a
oiream channel about ome fourth of a mile long which is cut off
from the Upper Scuth, a branch of Thunder River, by a dam at its
upper end. It ends abuptly at the Jower end in a sink which stands
above the stream bed and ponded the water which formerly entered

_this basin at high water stage. A view of this Jake bed in shown
in Plate I.

Diastrormisat. Favrrixe. Lake basius due to faulting are ex-
ceptional in Michigan and in no case known to the writer can the
qctual faults be detected. Canyon lake in the Huron Mountain
group has characteristics which point so clearly to this origin that
it is incinded in this class. This lake is too small to appear on
the map, Fig. 84, but in reality is a most interesting and fascinating
body of water. It is scarcely onefourth mile in length and does
not exceed one hundred feet in width. Nevertheless it possesses a
charm which lies not in its size but rather in its picturesque loca-
tion and surroundings. It lies in a narrow canyon of almost uni-
form width which cuts directly across a hard rock saddle. The

chores at the ends ave low and swampy but the sides are cliffs whieh -

- S
. T

g, 10. Diagram and map showing characteristics of rift valley lakes, (After Hobbs).

increase in height from either end to a maximum in the center. The
cliffs, while very steep, are not perpendicular but ascend in’ steps
consisting of high risers and narrow treads upon which stand trees
and shiubs in precarious positions. The outline of the sides is a
somewhat regular zig-zag rather than a straight line, showing the
presence of fractures. In addition, the depth of the lake is rela-
tively great and the clifis descend perpendijcularly into the water.
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Such characteristics lead one to the conclusion that this basin
was formed by the dropping of a portion of the earth’s crust, not
as one block but several long, narrow blocks, the amount of drop
or displacement being progressively greater towards the center
of the depression.

The general characteristics of such lakes are shown in IFig. 10
and may be enumerated as follows: Long and narrow, of great
depth, and bounded on the sides by rock cliffs.

Warring. Along the western coast of the Southern Peninsula
south of Frankfort many of the streams broaden on approaching
Lake Michigan, and the expansion is sufficient to warrant their
being classed as lakes, since they have been separated from the
main lake by the development of bars. Their separate existence is
due to the work of waves and currents but the expansion of the
river mouths—the lake basins—is due to a warping of the earth’s
crust. The warping consists in an uplift of the land to the north-
east which is raising the outlets of the Great Lakes and, in the

Fig. 11. Diagrams showing characteristics of lagoons of the drowned stream type.

case of Lake Michigan, is causing the water fo encroach on the
land in the region referred to. This is flooding or drowning the
river mouths and, in conjunction with shore action which forms the
bars across their mouths, forming lakes of moderate depth whose
beds slope gently to a channel formerly occupied by the stream.
The shape is usually irregular due to the flooding of main stream
and tributaries. In case a single stream is flooded the shape is
roughly triangular with the upstream point truncated by a delta-
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like deposit made by the entering strean. Fig. 11 illustrates these
characteristics.

Gracian Laxes. Scovr.  In some localities the scour of the ice is
responsible to a large extent for depressions, although other factors
may be important. The scour was a planing action accomplished by
rocks held in the base of the ice and was localized according to the
topography, structure, and hardness of the rocks over which the
ice flowed. Topographic depressions, such as stream valleys run-
ning in the same direction as the ice, were deepened by an increase
in flow and a greater thickness of ice. Gaps in ridges running
transverse to the direction of ice movement were both widened and
deepened because of increased flow somwhat analogous to the
greater velocity in river narrows. Once through a gap, the ice
spread and in some cases flowed along the transverse valley on the
far side of the ridge, deepening it locally. It is probable also that
the ice in these depressions was the last to melt and outwash was
deposited at the ends which accentuated the basin formed by scour.
Such lakes are usually long and narrow and the evidence of glacial
scour is the presence of striations on the exposed rock surfaces
running parallel to the length of the lake. Another structure
which facilitates glacial wear is an abundance of fissures in the
rocks. Rocks which are easily abraded also were more rapidly worn
down by the ice, but regions underlain by such rocks were the
locations of stream courses previous to glacial times and the ice
merely increased the pre-existing relief.

Drrositron. Morarxarn, This term is reserved for the small basins
caused by irregularities in the surface of marginal and ground
moraines. In marginal moraines the surface is characteristically
hummocky and the knobs and basing vary in size and regularity.
The size and shape of the lakes occupying moranic depressions
are determined not alone by the nature of the individual basins but
by the amount of water draining into them. If sufficient water is
available to cover several adjoining basing, a lake is formed which
is jrregular in outline and usually of moderate size. In case a
single basin is flooded, the lake conforms to this basin and is often
oval in outline and small in extent. The smallest of these are
mere ponds without outlets and few, if any, inlets, and are rapidly
being filled with vegetation. The depth of such lakes is not great
and corresponds roughly with the relief of the surrounding country.
The shores are frequently strewn with boulders and cobbles and the
bottom is composed of a clay mud, where not covered with peat.

In the ground moraines the relief is less pronounced and the lakes
are usually very shallow, although they may be of considérable
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Fig. 12. Diagrams and map showing characteristics of morainal (marginal) lakes.

(Diagrams after Iobbs.

Map a part of the Three Rivers, Mich., Quadrangle.)
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extent. H(iughton Lake in Roscommon County, one of the largest in-
land lakes in the State, lies mainly on ground moraine and the
depth does not exceed 25 feet.
lakes are shown in IMig. 12.
IxTER-MORAINAL,

The characteristics of morainal

R. During the recession of the glacier it sometimes
Lhappened that the halts of the ice border were close together,
leaving parallel morainic ridges with a narrow depression between,
composed of ground moraine or outwash. Often such depressions
are below the general drainage level and, if the ends are blocked,
become the sites of lakes of considerable extent. Such lakes are
elongate in the direction of the flanking moraines whose slopes
have the characteristic knob and basin topography, and the ends
are frequently blocked with outwash. The presence of outwash may
be explained by assuming a block of ice which filled the depression
and from  whose sides outwash develeped in either direction; or
that the outwash aprons develeped locally at various places along

Lake Antoine, a lake of the morainal dam type, (from the Menominee
Special Quadrangle).
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the ice front but did not coalesce. This type of basin is very simi-
lar to that of morainal lakes situated on ground moraine and per-
haps should be considered as a special case rather than a distinct
type.

MoraxtaL Daxr.  Although the general statement that continental
ice masses such as covered northeastern North America assume a
form that is largely independent of the relief of the land is true,
yet it is a significant fact that the ice border in its details was
extremely sensitive to the topography over which is flowed. At the
ice border hills served to divert the flow, and depressions became
locations of increased movement especially when their direction
was parallel to that of the ice flow. In this way minor tongues
were formed in valleys which deposited a series of moranic dams
as they receded and above these dams lakes now lie. The valleys
must have been present before the final retreat of the ice and may
have been pre-glacial or inter-glacial. Lakes of this type are often
clongated in the direction of the valley but may be circular or
even run transverse to the valley if the dams are close together or
low in elevation above the valley floor. They occur frequently in
geries in the same valley.

In the Iron River district of the Northern Peninsula there are
come lakes which are held by drift dams thrown across the valleys
between drumlinoidal hills, for example, Hortune, Chicagon, Stan-
ley, while in the vicinity of Iron Mountain an irregular moraine
across a pre-glacial valley forms the west border of Lake Antoine,
see Fig. 13.

Tossp. Fosse, as used in this connection, refers to a long, narrow
depression that is sometimes found between a moraine and an out-
wash plain. It is a remnant of ground moraine upon which the
ice stood when the outwash was being formed. The outwash was
built up along the steep ice front partially burying it, and when
the ice retreated part of the material at the inner edge of the out-
wash fell back on the ground moraine, forming a very steep slope.
A short distance back the moraine was piled up, leaving a depres-
sion, as shown in I'ig. 14.

Such lakes may be distinguished by the attenuated- form, the
presence of moraine on one side and outwash with steep edge on the
other, and the absence of outlet or inlets of importance. The water
of the lake seeps readily through the sand and gravel of the out-
wash in lieu of an outlet. Imlets may develop on the side slopes of
the moraine but the more important will run in -the unecccupied
portion of the fosse. Inasmuch as the fosse is a local development,
the inlets must necessarily be of little importance and the lake
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fed principally by ground water. An excellent example of this
type of lake is Crooked lake, situated in the group of lakes a few
miles west of Chelsea, Washtenaw County.

Prrs. The term pit, as here used, signifies a depression in aw out-
wash plain. It was probably formed by the isolation of an ice
block which became covered with debris and melfed later, allowing
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Fig. 14. Sketch and diagrams to illustrate manner of formation of fosse lakes,
(diagrams after Hobbs).

the material above to settle. The important thing in the formation
of these depressions is the protective effect of a coating of earthy
material on the ice. A small rock fragment on the surface of the
ice absorbs enough heat from the sun’s rays to become heated
through and melts a depression for itself in the ice. Larger frag-
ments or an accumulation of smail ones are not able to conduet
the heat to the under side and, therefore, protect the ice, and the
greater the thickness of the earthy mnaterial the slower the melting.
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Coutinental glaciers are characteristically divided into two dis-
tinet zones, an upper one comparatively clean and free from debris
and a lower which is heavily clogged with rock fragments. Under
the sun’s rayvs the clear ice of the upper zone melts rapidly but,
when the lower zone is reached, the rock fragments protect the
ice directly below them. The portions of the surface not covered
with debris melt until earthy material iz uncovered and finally a
complete rock cover is formed which soon becomes so thick that
melting proceeds at a very slow rate. This difference in the rate
of melting of the upper and lower zones caused the ice of the upper
zone to recede possibly several miles while that of the lower remains
stagnant. Wherever the drainage from the ice was vigorous, the pro-
tective cover was removed from the stagnant ice and it melted, but
where sluggish streams were depositing material, the ice was deeply
buried in an outwash plain with an unbroken surface sloping
gently away from the ice. The ice blocks did not underlie all of the
outwash plain but were more in the nature of scattered fragments,
due probably to the uneven distribution of debris in the lower zone
of the glacier. Where the load was exceptionally heavy the debris
accumulated on the surface until a cover was formed which pro-
tected the ice beneath so effectively that it persisted until covered
with outwash. At some time subsequent to the formation of the
outwash the ice blocks melted and allowed the material above to
subside slowly, causing pits or depressions in the surface of the
outwash. This process is illustrated in Fig. 15.

The distinguishing features are: The basin is a depression in a
plain, the materials of the plain are water deposits and, therefore;
assorted and sometimes stratified, the slope from the plain to the
water level is steep, the outline is roughly circular, and there is
often no outlet and no important inlets, the lake being supplied
and drained by the secpage of ground water through the sandy
material of the outwash plain.

Waves axp CurrexTs. Lacoons. Shore action often isolates a
depression forming a new and usually smaller, detached body of
water. The original depression is due to other causes and the
shore action is responsible for the isolation only. The work of
waves and currents is fully described in Chapter IT and needs no
discussion here.

It must be stated that some of the inland lakes studied by the
writer cannot be definitely included in the classes described above
because of the complexity of the origin of the basins and the lack of
data concerning them. In particular, attention is called to a series
of clongated lake basins along the coast of the northwestern part
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Pine, Torchlight, Elk, Walloon, ete.

of the Sounthern Peninsula
These lakes exist in long, narrow valleys whosc bottoms are filled

with thick deposits of loose sand. However, o the sides of the
fianking hills at elevations from 100-300 feet above the level of Lake
Michigan are found exposures of clay varying in thickness from a
few feel to more than 100. These deposits have been buried by till,
showing that they were formed prior to the last advauce of the ice
over this region. The clays ave interpreted by Leverett as lake beds,
inasmuch as they are distinetly laminated, nearly free from pebbles,
and, in places show sandy partings between the layers of clay. The
dat’& are incomplete but indicate the presence of great lakes in this
vicinity previous to the last advance of the ice, the extent and dura-
tion of which we have merely a suspicion. The puzzling thing is
the relation of the valleys in which the present lakes lie to the
ancient lakes as signified by the clays. The heavy deposits of sand
in the valleys preclude the possibility of determining by direct
observation whether or not the sand is underlain by the lake clays
found higher on the hills, and it is essential to know this. If
underlain by the clays, the basins would be classed as enormous
pits since it would indicate that the elays had sunk from-the higher
elevation. If not underlain Ly the clays, it may be assumed that
the deposits have been removed or were never forined in the present
lake basins, If the material has been removed, streams, ice, or both
may have been the eroding agents. If the clays were not deposited
in these depressions, we may assume the depressions to have been
filled with blocks of ice, probably stagnant, while the clays were
seftling on the beds of lakes which bordered these ice masses.
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CHAPTER 11

THE DEVELOPMENT OF LAKE SHORES AXND THE EX-
TINCTION OF LAKES

CHARACTERISTICS OF WAVES AND CURRENTS

Waves. Coincident with the filling of a lake basin with water
there begins a development of its shores and, to some extent, its bed.
Conditions of absolute calm are exceptional and it is seldom that
roughened patches do not appear, travel forward, and die out on
the otherwise unruffled water surface. It is a matter of common
knowledge that for the most part these patches are caused by the
wind, and examination shows them to be composed of a pattern of
wavelets which run with the wind and whose crests are at right
angles to the wind direction. See Plate IT, A. If the wind fails, they
disappear but with a freshening breeze the area of the ruffled
water soon spreads-over the entire lake.

From this we might conclude that waves are caused by the fric-
tion of the wind on the surface of the water, and further observation
will strengthen this conclusion. At any one point, with a freshen-
ing wind, it is readily noted that the waves not only increase in
height but in length and velocity as well. This continues until a
maximum development is reached which is largely dependent on the
strength of the wind and the time it has been blowing. However,
a trip along the shore discloses the fact that the waves increase in
development toward the lee side of the lake and, if several lakes are
observed, it becomes evident that the larger the lake the greater
are the waves formed by winds of the same velocity. Thus, in addi-
tion to the velocity of the wind and the length of time it has been
effective, may be added the factor of the expanse of water across
which it blows, or reach, in the development of wind driven waves.
This development of the wave in height, length, and velocity is due
to the fact that an almost continuous push by the wind is effective
on the wave from one end of the lake to the other and is, therefore,
cumulative. It continues until the friction caused by the differen-
tial movement of the water particles is equal to the energy sup-
plied by the wind. Inasmuch as the storm winds usually steady
down at a maximum velocity which is somewhat uniform, a maxi-
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mum wave development which is exceeded only during exceptionally

strong winds, may be postulated for a given lake. On the other

hand a decrease in velocity or cessation of the wind allows the waves
to flatten and gradually die out.

Other causes of water waves are possible but it is the wind driven
wave that is effective on the smaller bodies of water. In waves of
this type there are two motions to he considered, the forward mo-
tion of the wave itself and the motion of the particles of water af-
fected by the wave. Whenever a wave is running in deep water
where its motions will not be interfered with, it is called a free
wave and the motion of the particles is fheoretically in circular,
vertical orbits which do not move forward with the wave, the revo-
lution being in the same direction as the movement of the wave.
Thus, in waves of oscillation, there is a forward movement of the
particles through the upper half of the orbit during the passage of
the crest of the wave and a backward semi-circle with the trough.
This may readily be obgerved by watching the movement of a floating
object, and is illustrated in Iig. 16. It all the particles occupied

Weve |

Wove  Base
Fig. 16. Movement of water particles in waves of oscillation,

the same relative position in their orbits, or phase, e. g., all at the
top, and continued to revolve, the result would be a raising and Iow-
ering of the entire surface of the lake accompanied by a forward
and backward movement. This is not the case and the wave pro-
gresses because each impulge is communicated from one particle to
the next adjoining on the lee gside. It follows, then, that no two
particles in any wave are in the same phase but are more advanced
in their orbits to the windward. This is represented in Fig. 16 in
which the orbits of conveniently spaced particles have been drawn
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and must be cousidered as representative, the intervening spaces
being filled with particles revolving similarly. The particles are
represented as revolving in a clockwise direction and, beginning
at the left, each particle is more advanced in its orbit (has a more
advanced phase) than the next to the right by one-eighth of the
circumference of the orbit. By connecting these points a curve is
obtained which represents the form of the wave in cross section.
This curve® shows the steeper crests and wide troughs, and from
this it will be seen that the upper Lalf of the revolution of a particle
described during the passage of the crest of the wave must be ac-
complished in a shorter time and with greater velocity than the
lower half, since the forward movement of the wave is uniform.

Both the height and the length of the wave may vary and great
variations in the dimensions and velocity of waves are possible. Ob-
servation has shown, however, that in general there is a more or
less definite relation in fully developed waves between the height,
length, and velocity. This varies somewhat in different bodies of
water but may be approximately stated as follows: Wave length is
five and one-eighth times the square of the period (time between two
crests) and the length fifteen times the height. The relationship
is shown in Iig 17 in which the phasal difference is the same but
the size of the orbits increased.

Irig. 17. Diagram illustrating the ideal development of waves.

The agitation of the water particles at the surface is communi-
cated to the particles below, but the motion decreases very rapidly
and practically dies out at a very limited depth. See Fig. 18, It is
usually stated that the size of the orbits is halved for each in-

., *The curve here shown is a trocheid and is obtained from the trace of a point
inside the civecumference of a rolling circle. A ceyeloid is formed if the point is on the
cireumference. -
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crease in depth equal to one-ninth of the wave length, but this is
only a rough approximation. An illustration may give a better
idea of the rapidity of the decrease in motion with depth. A free
wave which has a height of three feet at the surface is approximate-
Iy forty-five feet long and the time of passage about three seconds.
At a depth equal to the wave length the diameter of the orbits is less
than one five-hundredth of that at the surface, or in the case cited
seven-tenths of an inch and the time three seconds. The rate at
which the water moves in describing an orbit of this size is about
two-thirds of an ineh per second, a very feeble current and in-
capable of geologic work except possibly the transportation of the
very finest sediment. The depth of a wave length below the sur-
face has, therefore, been called the wave base, that is, the lower
limit of effective wave action, but observations show that this depth

Iig. 18. Idagram illustrating rapid decrease, with depth, of motion of water
particles in a wave, (after Fenniman).
is excessive and probably should be placed at less than half the
wave length.

The relationship in the dimensions of the wave does not hold
under a freshening breeze. Under this condition the height in-
creases faster than the length, and the wave gradually becomes
steeper until a limit is reached which, if exceeded, would cause the
water to describe a loop at the crest of the wave, a condition ob-
viously impossible. Fig. 19, which shows the effect of increasing the
height while the length remains constant, illustrates this point. The
wave is then said to break into a whitecap, but it is probable that
the wind which is moving much more rapidly than the wave blows
the crest over into whitecaps before the theoretical limit of steep-
ness is reached.

As stated previously, from a theoretical standpoint there is no
permanent forward movement of the particles of water in waves
but, due to the constant forward push by the wind, it happens, in
reality, that each revolution of a particle finds it slightly advanced
from its former position and there results a drift with the wind.
Tt is probable that the wind has a greater push on the crest of the

o i
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wave than on the trough because the wind and water are moving in
the same direction and the steepness of the crest allows the force
to be applied to better advantage. Consequently, most of the for-
ward movement occurs during the passage of the crest and an
attempt has been made to show this in Iig. 20. By following the
course of this continuous line it will be noted that all of the for-
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Fig. 19. Diagram to illustrate the formation of whitecaps. For convenience the
wave length is kept constant.

ward motion is represented as taking place in the upper half of the

orbit. The curve is not accurately drawn principally because there

are no data from which to construct it but is presented merely to

give some idea of the manner in which a forward drift is set up

by the wind.

Fig. 20. Diagram of the path of a particle of water affected by a number of

sticcesslve waves,

In addition to the drift, there are other positive forward move-
ments. Of these whitecaps have already been considered. Amnother
takes place when the waves approach the shore. As the water be-
comes shallower the agitation extends to the bottom and the lower
portion of the wave is retarded by frietion. The orbits of the
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water particles are no longer circles but are deformed into ovals.
These are more nearly cireular at the surface but become flattened
with depth until the bottom is reached where the motion is a hori-
zontal oscillation. The retardation of the lewer part of the wave
is shared by the upper but not in the same degree and results in a
decrease in velocity which ig Jess pronounced at the surface. The
velocity of the wave ig continuously reduced as it approaches the
beach and is necessarily accompanied by a corresponding decrease
in wave lengih and a steepening of the crests. In addition, the
wave height is actually inereased, due to the transmission of the
notion to a continuonsly smaller quantity of water as the depth de-
creases, and the form of the wave becomes steeper on the front or
shore side because of the more rapid forward movement near the
surface. The variations are all progressive and continue until the
crest topples forward into foam, or breaks, see late 11, B, which
reduces the height of the wave. The storm waves break first at a
more or less uniform distance off shore, called the off-shore breaker
line, and the reduection in height by breaking is sufficient to allow
them to regain theiv true wave form. They then proceed for some
distance, in some cases to the shore, without further breaking.
Lt is possible to have the slope of the bottom so flat that the waves
may break at the off-chore line and continue to the shore with
crests a mass of foam, but this usually does not occur. In such a
case the waves may be dissipated before they reach the shore.
Under the conditions stated above——a very gentle off-shore slope
—Wwaves of oscillation are not only mvodified in the manner described
but may in some cases change their character and become a different
type, called waves of translation. The motion of the particles, in-
stead of being in o1bits, may become a definite advance accom-
panied by a lifting and sinking, together making a semi-elliptical
path for each particle which does not return to its former position.
Lach particle from top to Dbottom startg simultaneously with the
approach of the wave, moves forward and upward until the crest
arvives, then sinks in its forward movement, and finally comes
to rest when the wave las passed. The forward movement is the
same for all particles but the verticle movement is greatest at the
surface and decreases downward to the bottom where it becomes
zero, that is the movement is horizontal. Tig. 21 shows the paths
of the particles in a wave of this type and I'ig. 22 the forward and
upward movement in the front portion and the forward and down-
ward motion of the particles as influenced by the back of the wave.
The velocity increases in {he forward halt of its path from zero

Michigan Geological and
Biological Survey

Publication 30, Geological Sceries 23,
Plate

A, WAVES, BURT LAKE.

B.

WHITECADPS AND BREAKERS, HIGGINS LAKE.
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to a maximum at the middle and then decreases until it comes to
rest.

Waves of translation are caused by a sudden addition of a volume
of water to a lake or other body of water, each wave representing
an addition. Obviously, they are independent of eaeh other and
consist merely of crests of water moving forward at a uniform rate
of speed. They have neither length nor trough as the terms are
used with reference to waves of oscillation, the surface between
the crests being flat and the distance variable according to the
regularity of the additions of water. When formed in a lake they
are caused by the plunging crests at the off-shore breaker line
which supplies the additional volume of water and usually run in
to the shore in apparently related series because of the regularity
with which the waves from the lake enter the breaker zone.

All waves, whether of oscillation or translation, are eventually
dissipated on the shore, except in the possible case of an excessively
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Fig. 21. Diagram showing paths of Fig. 22. Diagram showing upward

water particle in waves of translation, and forward movement in the front
(after Iennecman). part (right) and downward and for-

ward movement in the back part (left
of a wave of translation, (after Fen-
neman).

wide breaker zone. With the final plunge on the shore the true
wave motion is lost and the water rushes forward and back over the
shore, which acts as an inclined plane. The outgoing water running
down the inclined shore meets the next incoming wave but sue-
ceeds only in modifying its front, which becomes increasingly con-
vex toward the shore, and increasing its height until it wavers,
curls forward, and crashes on the beach. This final breaking of
the wave is popularly known as comber.

CurreNTs. In the preceding pages it has been pointed out that
there is a forward drift of the water in wind driven waves which
is further increased within the breaker zone by the partial or total
conversion of the waves of oscillation into waves of translation, and
that this forward mrovement occurs mainly at the surface. This
transfer of water from the windward to the lee side of lakes necessi-
tates a return. This is accomplished by means of currents, although
in large lakes, as Erie and Superior, a small amount of the transfer
is accommodated by a piling up of the water at the lee end. The
currents are set up when the waves strike the shore and may be
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horizontal currents along the shore, shore currents, or a vertical
return into the main body of the lake along the bottom which is
called the wundertow, or both. The nature of the current is de-
termined by the angle at which the waves strike the shore.

When the waves strike the shore at exactly 90 degrees the in-
coming water runs up on the shore and returns underneath with-
out lateral movement along the shore, forming undertow only. As
stated above, the agitation of the water by waves within the breaker
zone extends to the bottom where it is a forward and backward
horizontal movement having a maximum velocity midway between
two periods of rest. Hence the undertow must be a pulsating
current in which the particles move to and fro but advance slightly
out into the lake with each oscillation. Tts strength depends on
the height of the waves and the steepness of the off-shore slope
but decreases as it advances into the lake because it is distributed
through larger amounts of water as the depth increases. In this
way it loses its indentity but may continue throughout the entire
length of small lakes as an inappreciable drift.

But it is impossible for waves to approach all shores at an angle
of 90 degrees. When the waves strike at oblique angles the paths
of the particles of water are as shown in Fig. 23. TIunstead of a to
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Fig. 23. Diagram to show actual motion of water particles striking shore at an
oblique angle.

and fro motion along a straight line as in the case of the undertow,
the motion is an oscillation on the shore accompanied by a lateral
movement and results in a current along the shore which may re-
verse its direction because of the variable wind directions. Shore
currents should reach their greatest development when the waves
are running nearly parallel to the shore but this seldom happens.
It may occur where the off-shore slope is very steep and the wind
direction favorable. But where the off-shore slope is gentle the
shore end of the wave is retarded within the breaker zone and the
retardation increases with nearness to the shore. There is, then,
a tendency for the crest of the wave to bend and swing towards a
direction more nearly parallel to the shore, that is strike at 90
degrees. This change in direction may cause oblique waves to
strike the shore at 90 degrees if the obliquity is slight and the off-
shore slope wide.
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Two currents, then, are set up on a shore upon which the waves
are pounding, the undertow and the shore cutrent, and the relative
importance of each varies according to the angle at which the waves
strike. With waves running on shore perpendicularly the under-
tow only is present but any appreciable variation of this angle
sets up a shore current which increases at the expense of the under-
tow as the angle departs from perpendicularity. Considering the
entire shore of a lake, the development of waves and currents
varies at any given time due to the varying relations between the
directions of the shore and the wind at different parts of the lake,
and over a period of time, because of changes in wind direction and
velocity. Thus, with shifting winds all the shores of the lake may
be affected but not equally because the storm winds come usually
from a prevailing direction. Under the influence of a wind constant
in direction the location of the shore, and the size and shape of the
lake are important.

Obviously, the windward side is least affected and the effects in-
crease towards the lee. The size of the lake is important in that as
the reach is greater the waves are better developed. As regards
shape, the simplest case is a lake of circular outline. The middle
of the lee side, A. Tig. 24, receives the strongest waves and at an

Fig. 24. Diagram to show currents set up on a circular lake.

anglé of 90 degrees, therefore undertow only is developed on this
shore, and at the sides, B, shore currents are formed. Along the
intermediate stretches both shore currents and undertow are pres-
ent but the former merge into the undertow as they approach A
and return underneath. To the windward the waves are inactive
and the only current possible is the return below the surface, the
continuation of the undertow. On the other hand, if the lake is
long and narrow, the condition is not so simple. The most effective
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winds are those which blow lengthwise of the lake because of the
excessive reach and develop waves and currents similar to those
established on a lake of circular outline. Cross winds, on account
of their short reach, produce effects of minor significance but simi-
lar in character. However, when the wind crosses the lake diagon-
allv. only a short stretch of the shore can be perpendicular to the
wave movement and strong shorve currents are developed on the
Iee side but the undertow is of minor importance. In this case the
shore current turns the end of the lake and skirts the windward
shore as a return enrrent which has lost its intermittent character
and therefore much of its effectiveness, Sce Fig, 25,
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Fig. 25. Diagram showing conditions under which a return shore current is formed.

TIHHE WORK OF WAVES AND CURRENTS

Waves and currents in the neighborhood of the shores are very
effective erosive agents. They are active not only in tearing down
the land but also in removing and depositing the disintegrated ma-
terial. The resemblance to rivers is close and is strengthened when
it is realized that they are, in fact, nothing but bodies of water in
motion, obeying the same Jaws but with strikingly different re-
sults. Thus, the {ransporting power of running water is involved
and wi rial—which are
Important in the degrading process. In general, it may be stated
that the waves are the active agents of destruction, and the cur-
rents the agents of transportation and deposition. TIn the final
analysis both are due to the same cause, the wind, and they occur
fogether. As regards the work accomplished, they may be said to
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supplement each other, that is, the currents are dependent on the
waves to furnish material for transportation and, on the other hand,
the waves would soon lose their force if the material were not
renoved.

Tie Work or Waves. When a wave strikes the shore, there it
agitation of the water from the plunge of the wave and at the same
time currents are set up, except where a verticle ¢liff extends into
the water to a depth greater than wave base. The range of the
direct action of the wave extends approximately from wave hase
below water level to the greatest height that the waves splash:
above water Ievel but the effectiveness varies within these limits:
The action is greater above water level than below and is greatest
at or a littie above the water level. The movement of the water is
greatest as it makes its final plunge on the shore and during the
succeeding in-and-out rush along the inclined beach. Here also is
the source of the suspended earthy material which is broken from
the shores by the force of the waves with the co-operation of the
weathering process. The suspended material is thrown violently
against the shore with each incoming wave and acts as a powerful:
abrasive, which iz limited in its action to a narrew zone near the
water level. Within this zone cutting is most rapid and the effects
are more pronounced where the shores are steep. At first a low
cliff develops which recedes and at the same time increases in height,
The ¢liff soon extends above the upper limit of the direct action
of the waves and becomes undercut. The overhanging portioxn
must sooner or later fall and, thus, extends the action of the waves
indirectly to the top of the ¢liff and allows the recession to continue.

See I'ig. 26.

Fig. 26. Farwell’s Point, an undercut notched cliff on Lake Mendota, Wisconsin.
After a time the ovuh(mﬂmo portion will fall by gravity to ploduce blocks like
those in the foreground, (attcl IFenneman).
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Coincident with the recession of the cliff there is formed at its
base and Lelow water level a terrace cut in the material of which
the eliff is composed and, therefore, known as a cut terrace. The
terrace itself furnishes the condition necessary for currents which
modify its surface to some extent. The tools which are so effective
in the cutting process are at first too heavy to be carried out of
the zone of action of the surf but the continual pounding against
the cliff and each other gradually reduces their size until they
are carried lakeward by the undertow or along the shore.

The distribution of this material along the shore constitutes a
beach which tends to become smoothed out into straight lines or
almost perfect curves. See Plates XII, A and XIII. The material
of the beach is rounded, except for particles of extreme sizes, and
shows a rather close assortment. The rounding of the particles
is due to the mutual abrasion caused by rubbing. Manifestly those
particles too large to be moved by waves arve unaffected ang smali
particles, such as sand, are so buoyed up by the water that abrasion
is not effective. Both waves and currents are active in assorting
the beach materials. All of the particles which can be moved are
picked up and tossed shoreward by the incoming waves but only
the finer material is carried away as the water runs back. There
is, then, a minimum size of particles to be found on a beach but
not necessarily a maximum because rocks too large to be moved
may be present. During exceptionally heavy storms coarse ma-
terial is sometimes built into surprisingly strong ridges which
stand some distance from the shore under normal conditions and
are known as storm beaches. See Plate XIX.

Other factors in determining the character of beach material
are nearness to the source of supply and the nature of the material.
Where the material is quarried from g headland, the size decreases
and the assortment is better with distance from the source. This is
due to the more effective wave action on the exposed headland and
reduction in size of the particles by abrasion as they progress
along the beach. If solid rock is quarried, structures such as frac-
tures and bedding are important. Thus, with thin beds closely
fractured, small flat blocks are supplied which are soon rounded
off and constitute a shingle beach. In Michigan the nature of the
glacial deposits is important in determining beach materials, since
little solid rock is exposed on the shores of the inland lakes. The
clay of the till is readily washed away, leaving a strand of cobbles
and boulders, while sand and gravel, unless clearly a current de-
posit, are significant of outwash.

The outward passage in the undertow is a series of backward and

DEVELOPMENT OF SHORES—EXTINCTION OF LAKES 49

forward movements which are far more effective than a steady cur-

rent of the same average velocity would be. Abundant tools of fine
texture enable the undertow to wear down somewhat and smooth
oft the cut terrace. The modification of the terrace in this way
seems t0 be dependent largely on the time that the process has been
active and, therefore, is greatest at the outer edge and decreases
to the shore. Cousequently the surface of the terrace slopes grad-
nally out to its edge and then drops steeply into deep water. But
whe‘n the edge of the cut terrace is encountered by the undertow, the
current loses its effectiveness due to the sudden deepening and
drops its suspended material. This accumulates beyond the edge
of the terrace until it reaches the general level of its surface at
which time the undertow again becomes effective and extends the
terrace into the lake by deposition. Thus, there is formed a cut-
and-built terrace which is constantly being widened by cutting along
the shore and by deposition on the lake side. See Figs. 27 and 28.

Fig. 27. Profile of a cut and bullt terrace on a steep rocky shore. ) The cliff is
verticle and notched, at the base, (after Hobbsg).
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Tig. 28. Profile of cut and built terrace on a steep shore formed of loose material.
Note inclination of cliff and the stranded boulders in front, (after Hobbs).
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It has a gentle slope away from the shore and drops suddenly

into deep water at its outer edge which is limited by the de:*p*th at

which the water, agitated by the larger waves, loses its effectiveness
7
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as a transporting agent—one-half wave length or less. Tor a given
locality this depth is fixed by the size of the largest waves and sub-
sequent widening of the terrace serves only to flatten its slope
which, in turn, reduces the action of the waves and currents. The
process, then, is self limiting and the shore eventually becomes
adjusted, at which time the highest waves lose their force as the
shore is reached.

On well developed cut-and-built terraces it is not uncommon to
find a perceptible shoaling of the water just before the “drop off”
is reached, indicating the presence of a sand ridge which may reach
almost or quite to the water level. These sand ridges are nearly
coincident with the off-shore breaker line and their manner of
formation has been referred to the violent agitation of the water
during the breaking of the waves followed by more quiet condi-
tions as the waves regain their true form. In this way the condi-
tions of transportation and deposition are satisfactorily fulfilled.
Similar forms have been described extending above the water level
in large bodies of water and are called barrier beaches but in all
cases a lowering of the water level {or elevation of the land} is
involved. Tt is plausible that the waves might pound such forms
above the water level but as yet no such case has ever heen observed.
Barrier beaches ave mnot necessarily attached to the shore, are
composed of sand, and have gentle slopes on the lake side while on
the opposite side the slopes are steeper, Fig. 29. Between the land
and the barrier is a narrow, shallow lagoon.

W

7 ——
7 ’ 4 S
i

7
", /
////
/)
NI
Section of a barrier with characteristic steep landward and gentle
seaward slope, (after Hobbs).
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Fig. 29.

In the discussion above it has been assumed that the material of
the shore was uniform but this seldom, if ever, oceurs on all shores
even of a small lake. The different kinds of rock vary greatly in the
resistance they offer’ to the erosive agents and the same kind of
rock may vary from place to place. In addition, certain structures
in the rock serve ag lines of weakness along which the erosion
proceeds more rapidly. The more important of these are divisional
planes between beds of stratified rock and joints which are the
vertical cracks so commonly present in all rocks. These variations
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is the result. The weakness may be due to a diﬁ’ere}lge in the rock
or to the presence of fractures. The fractures or joints may rlin
for long distances along a straight line and oft.en have extremely
smooth walls. They apparently run in all directions but sfcudy has
shown that the more important are grouped in systems which cross
each other at right angles. Joints running approximately parallel
to the shore may cause smooth-faced cliffs, often without under-
cutting if the joiLnts are close together and well developec’%. They
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;nnuv run oblique to the shore and in this case the cliffs have a

buttressed effect. When the joints ¢ ing at ri

dhore ame fomy, Whe the joints lllnnllrlg? at right angles to the
§ are towed, caves may develop., Often the Joints converge
ol 0 . . " . . . . N s

back from the shore and in time a channel is cut through. As the
channel enlarges this form is-appropriately called an arch. Fig. 3

B - . o
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Fig. 31. A sea arch and small caves
. sea arch [ aves on the shore of one of the A hostle Tsls s k
Superior, (after g photograph by the Detroit I'hotographié NConu’):lAl(l‘;'])d.h’ fate

But eventually the arch must fall as the action proceeds and a
stack, Fig. 32, is left standing entirely separated from the main cliff.
And this, too, must give way in time to the irresistable attack of
the waves. These forms are all evanescent and represent the early
scenes in the development of this particular type of landscape. The;*
are very common features of sea coasts aud the shores of huw:a
lakes and are an indication therefore, that much of the adjusrme;t
of the shores is vet to be accomplished. Inasmuch as the inland
lakes lie largely in glacial basing, these features arve seldom found.

Waves, as we have seen, are most active on shores with steep
off-shore slope but conditions along the shores of any considerable
body of water vary and with them the effectivenesshof the waves.
Headlanyds are almost universally subject to attack by the waves

&
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and to these may be added shores with notable relief, for the sur-
face of the surrounding land ix to a great extent an indication of
the topography of the bottom, that is steep slopes on land indicate
similar slopes beneath the water.

THE WORK O CURRENTS

On lakes of irregular outline shore currents must necessarily
encounter numerous changes in direction of the shore. The cur-
rent is able to accommodate itself to many of these but where the
bend is abrupt it leaves the shore in the direction it had before the

Fig. 32. A stack on the shore of Lake ‘Superior. (after a photograph by the
Detroit Photographic Company).

bend was reached. As the current leaves the shore its velocity is
rapidly decreased because its motive power—waves striking the
shore at an oblique angle—is lost and friction is present between
the current and the still water of the lake. Deposition, therefore,
takes place and is greatest near the point of departure from the
shore, - 7

If the bend is caused by a small indentation, the current may
carry across the mouth but the velocity is decreased nevertheless
and deposition takes place along its path in the form of a narrow
submerged bar, best developed near the shore. Inasmuch as the
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carrents may reverse their direction aloug the shorve, due to shifting
winds, the bar develops from both sides. As the submerged bar de-
velops it first reaches the surface of the water at its land con-
nections and is then pounded above the water level by the waves into
pointed sand ridges, called spits, on either side of the indentation.
(See Tigs. 49 and 50.)  Spits do not usually develop equally on
both sides because of the prevailing direction of storm winds and
the varying reach of the waves on different parts of the lake. With
the formation of spits the currents are able to continue farther
beyond the shore and the indentation is rapidly closed by a com-
plete bar which is above the water level. This is called a sub-aerial
bar or simply a bar. Plates IX, A, IX, B, XT and XIV. If a consid-
erable amount of water drains into the lagoon, as the cut off in:
dentation is called, a current is set up across the bar which may
maintain an open channel. It sometimes happens that an island
is encountered by the current after leaving the shore and it becomes
tied to the land by the bar which developes. Tig. 63. Tt is then
called a land-tied island and the bar is designatéd as a tombolo.
Bars are composed almost entirely of sand and have a gentle slope
on the lake side, due to the action of the waves and undertow, and
a steep slope, often as much as one to one, on the }lagoon side
where wave action is much less intense.

In case the indentation is wide theé currents may not persist
across the mouth and a hook or re-curved spit is formed. Hooks
are closely related to spits in that the material and the manner of
formation is the same. The difference is in form, the hook curving
back towards the shore. See Plate VII. Under the conditions
necessary for the formation of hooks, the velocity of the current
dies out rapidly after leaving the shore and the waves are able
to turn it landward. The change in curvature is due in part to a
shifting of the wind so that the waves strike the hook more directly
or even from the opposite quarter and thus modify its form. Algo
the tendency of waves which are running obligue to the shore to
swing to a direction more nearly parallel to the shore may be im-
portant in this process. The writer has seen waves break along a
hook when the retardation of the shore end of the wave was suffi-
cient to swing the crests around the end of the hook and even on
the lee side in the opposite direction to the waves on the lake,

In the growth of spits and hooks the varying direetion of the
winds often causes minor developments in form which are not in
harmony with the general growth. As has been stated previously,
most of the storm winds come from a quarter which causes cur-
rents in one direction along a shore and the general development of
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hooks and spits is in accord with this. However, high winds do
occur from other quarters and the end of the hook or spif often
grows rapidly during a single storm at an abrupt angle to the
general direction. Such forms are usually very transient, often
being destroyed by the next storm, but may persist on hooks as
prongs extending landward from the sheltered side. See Plate VII.
In reality, spits and hooks represent a balance between the cur-
rents set up in either direction along a shore and in the normal
developnmient one current usually greatly predominates. All grada-
tions are possible and do occur. The clearest case is where evenly
halanced currents from either direction are forced to leave the
shore at some point. Spits develop from both directions and join
in a point out in the lake forming a triangular or V-bar—also
known as cuspate foreland—whose base is the shore and whose
sides are equal. If the currents are not equally effective, one side
grows at the expense of the other, the better developed often being
a hook and the smaller a spit. The material is typical shore drift
and the slopes are characteristic except at the tip of the V-bar where
it drops suddenly into deep water. The whole embankment en-
closes a shallow depression similar in shape and normally filled
with water. Such cuspate forelands seen by the writer were on
long, narrow lakes running north-south and, at present, no reason
for the currents leaving the shore can be assigned.

Another case of deposition by currents sometimes occurs along
the shores of wide, shallow embayments between headlands. In
such cases much of the material from the headlands is transported
along the beach by currents into the bay. On account of the shal-
lowness of the bay, the undertow is not effective, and this material
accumulates about the head of the indentation. In this way a sand
fat is built which gradually widens and reduces the indentation.

GENERAL EFFECT OF WAVES AND CURRENTS

In general the tendency of both waves and currents is to make
the outline of the lake more regnlar. The work of waves has been
described as a process of cutting, which insofar as headlands are
reduced, removes the irregularities which project into the lake.
On the other hand, currents are agents of removal and deposition.
Deposition is favored by indentations which are cut off or filled
thereby. However, it must not be inferred that a cireular or oval
outline ig the final outcome of the work of these agents on all lakes,
although this would seem to be the logical conclusion. The process
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of cutting is self limiting and may stop before the headlands are
completely reduced. Also many indentations are too wide to be
crossed by currents, and hooks develop rather than bhars, serving
merely to make the bends less abrupt. V-bars seem to disturb the
symuetry of the shores and their complete development would
carry them across the lake and divide it into smaller and more
nearly circular bodies of water. This, however, is unlikely unless
great quantities of material are supplied from extraneous sources.
Another factor is the instability of conditions under which the
lake exists. The development of lake shores requires long periods
of time and changes in conditions may cause new levels or even
the extinection of a lake before the work of adjustment ig finished.

THE WORK OF ICE ON LAKE SHORES

Iee Ravrparts. On the shores of lakes in regions having cold
winters, ice is an effective agent of transportation and deposition.
Its action is mainly that of & shoreward movement, accomplished
slowly but with great force, which not only carries material for-
ward to the shore but is able to shove hieavy rocks in front. As the
ice disappears in the spring the material affected by it is either piled
up in a wall on the shores known as an ice rampart, Plate XVTII, A,
Figs. 51 and 61, or is left stranded on the terrace, to be moved
subsequently. The ramparts are best described as walls of rock
material and are located a short distance back from the shore. They
are usually a single ridge but may be compound and the material
is of all sizes, including boulders of large size. The slopes are
steep on both sides with a tendency for the front slope to be the
steeper.

The shove on the shore by the ice is exerted in two ways, by ex-
pansion and by ice jams. Kxpansion occurs during the winter
when the lake is completely frozen. Water is rather exceptional
in its properties and behavior under various conditions but, once
frozen, acts as any other solid at ordinary temperatures and pres-
sures. Thus, it expands or contracts with a rise or fall in tempera-
ture, and this property is involved in the formation of ice ramparts.
When a lake first freezes it is enveloped with a layer of ice which
completely covers its surface. If the temperature remains constant
below the freezing point, the ice merely increases in thickness. But
temperatures do not remain constant and the changes are often
great and rapid. There is always a lowering at night followed by
@ daily rise and, in addition, there are the cold and warm waves
which sweep over the country. With each drop in temperature the

™

|
I
i
i
i
i
i

(w1}
1

DEVELOPMENT OF SHORES—EXTINCTION OF LAKES
ice contracts but does not pull away from the shores. It cracks
instead and the cracks are soon healed by freezing, since the temper-
ature is below the freezing point. In this way the ice cover is
kept intact but actually contains more ice that it did at the higher
temperature. If such a condition is followed by a rise in tempera-
ture, the ice must expand and it will then be greafer in extent
than the surface of the lake. Repeated alternations in tempera-
ture serve to exaggerate this condition. The expansion may be
accommodated either by overriding the shores or by buckling. In
the latter case pressure ridges in the ice are formed out from the
shore and usually occur in the same places year after year. Buck-
ling takes place when the ice is not thick enough to withstand the
pressures exerted by the expansion and where the shores are steep
enough to prevent a landward movement of the ice edge. Iven under

"this condition a slight amount of movement may be possible if

the water level is low when the action takes place. In glacial ma-
terial, at least, this results in a cliff embedded with boulders at its
base or a boulder lined strand. See Plafte VIII, B.

On sloping shores the ice is free to move and, if conditions are
tavorable, pushes up a rampart. The size of the material plays an
important part both in their formation and permanancy. As a
rule fine grained material such as sand does not freeze into a solid
mass and the ice slides over it with little accumulation of debris.
Also sandy shores are more commonly low and well-developed ram-
parts are not formed. However, if binding material, such as the
roots of trees and mats of grass, is present, the material is pushed
into ramparts, Fig. 61, but they are soon destroyed by the waves.
During the winter of 1914-15 the sandy shore at the north end of
Whitmore Lake, Washtenaw County, was pushed into a rampart
about four feet high but by August of the following summer the
rampart was less than a foot in height. Where coarse material is
present it offers a good purchase to the ice which carries and puslhes
it on the shore forming ramparts which resist wave action and are
relatively permanent. The fact that fine material is so generally
mixed with coarse in ramparts indicates that the shoving action is
important. The maximum size of particles moved in this way is
not known but boulders of several tous in weight are found in ram-
parts.

Ramparts, formed by expansion, although very common on the
shores of lakes in Michigan, require rather specific conditions for
their formation and are formed ouly in winters when these condi-
tions are fulfilled. The conditions involve the climatic factor,
shore conditions, and the size of the lake. Shore conditions have
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alveady been discussed. Other conditions being equal, the size of
the lake determines the amount of expansion. On small lakes,
Possibly less than a half mile in diameter, the amount of expansion
is so small that the ramparts, if formed, are insignificant and soon
destroyed. Larger lakes permit greater expansion but the ice be-
comes less able to transmit the thrusts caused by expansion, as the
diameters are greater, and it buckles. The ability to transmit the
thrusts depends on the thickness of the ice in relation to its expanse
and is thus controlled by the climate. In this region the maximum
size of lake upon which such ramparts are formed is not definitely
known but probably does not greatly exceed a mile and a half. u

The climatie factor includes both temperature and snowfall.
femperature changes are essential but they must be large and rapid
and quickly transmitted to the ice. The excessive tenmernturé

changes of cold and warm waves which occur in this latitude during’

\\"inter fulfill the temperature conditions perfectly but the daily
1"1'50 and fall does not seem to be adequate. The "z;te at which thle
alr temperatures are communicated to the ice depends on the thick-
ness of the snow covering which may form an effective blanket.
Absence of snow is, therefore, the most favorable condition.

‘The position of the rampart with reference to the shore is deter-
mined by the size of the lake and by the amount and number of
the temperature changes. In gene ral, it is situated just back of
the shore which marks the high water stage. The size depends
on the supply of available material and the number of times the
ice shoves across the shore. If we assume that the ice mioves a
definite amount of material at each invasion, it is obvious that th;
d'evelopme‘nt of the rampart is dependent on the number ;)f inva;
519115. As a rule, the ice encroaches on the shore but once each
winter, each drop and rise in temperature serving only to push
the ice farther on the shore. More than one advance is i’)ossible Nif
the ice thaws during the winter and loses its continuity, but the
t?tal movement in the several advances is the same as ‘Z‘hat in4 a
single advance and, therefore, less effective for each. Within ]imitsf
large particles are more readily moved by the ice than small one;
and a preponderance of such material assures a strone rampaﬁ
However, the supply of this material on a shore may be libmited an(].
after repeated invasions, may become exhauste(} thus limitiw:
the growth of the rampart. ' } b

Inasmuch as the climatic factor is relatively constant over a
period of years, the typical rampart is a single ryidge. If the avail-
able material is sufficient, the ridge develops until it becomes strong

—
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enough to resist successfully the push of the ice and any further
expansion is relieved by buckling of the ice sheet. The growth from
this time on, if any, must be in width and from the lake side. On
lakes whose levels are gradually lowering the overriding of the
shores by the ice is not materially decreased but the position of
the ice edge after expansion becomes Jess and less advance:d as the

recede and a series of ramparts are formed to which the

ghores
Another factor in their for-

name ice-push terrace has been given.
mation is that with the lowering in level fresh aveas of the bottom
are brought into the zone of ice action and the supply of material
ig replenished.

Tee ramparts of the expansion type, then, are limited to regions
whose winters are severe and are punctuated by frequent cold and
warm waves and to lakes of moderate size with absence of snow
covering. Of these conditions the frequency and amount of the
effective temperature changes, the amount of snow, and even tle
thickness of ice vary considerably, and it is only during winters
when all of these factors are favorable that the expansion is effec-
tive in forming ramparts.

Tce Jax. The explanation of ice ramparts on the basis of ex-
pansion is only half of the story. Ramparts almost identical with
those known to have been formed by expansion are common on
lakes which do not fulfill the conditions necessary for this type.
These lakes may exceed the maximum diameter postulated for ex-
pansion many times and are covered for the entire winter with a
thicklayer of snow. In fact, it is known from observation that the
ice does not expand on the shores of the larger lakes, and the ram-
parts have been accounted for by the action of ice jams which occur
during the final melting of the ice in the spring.

The melting of the ice at this time proceeds most rapidly at the
shores, due to the more rapid heating of the land than the watfer
under the influence of the rays of the sun, and a lane of open water
of considerable width is formed next the shore. After the lane is
formed weather conditions are of great importance. Some springs

a prolonged warm spell is accompanied by calms or light breezes
and the ice melts rapidly with little disturbance. It may disap-
pear entirely in this way or become porous or “rotten” so that sub-
sequent winds reduce it to slush. If, however, a storm develops
after a lane is formed but before the ice has becomes porous, the
mass of ice is blown before the wind and moves slowly to the shore
with an almost irresistable force which carries everything in its
path. See Plates X, A and XII, B. The storms in this latitude are
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cxyelonic in nature and may hest e described ag vast whirlwinds
\\ihich revolve in g counter-clockwige direction and ot the same time
travel from west to €ast acrogs the country.  They are éspecially
frequent in Michigan because mogt of the stormsg tracks unite in
the Great Lakes region, They are accompanied by winpg Which
shift from an easterly divection usually througly the south to the
west and northwest, pnt occasionally iy southern Michigan shift
throngh the northern half of the circle. T} velocity of the winds
Increases with the shifting anq reaches jtg maximum with the
westerly angd 1101"1’]1\\‘(}31‘@1’-1_\' winds at whicl time it often reaches
the intensify of a gale, These stormg travel castwapd at the average
rate of about 700 miles a day hut the rate ig ‘ariable gy they inay
halt for 24 hours or more. Inasmuelh g they affect areas often
1300 anqg more mileg aCross, their effects may be felt for several
days in g given locality, Aqp shores of a lake may thus feel theip
influence pyt the eastern ang northeastern sides are in the leg of
the strongest winds, at legst for southery Michigan,

Where shoye conditions aye favorable ice jams bring in anq. pile
up material ip ramparts almogt identical wity those formeq by
expansion. Bouldery of several tong iy weight are moveld shore-
ward in thig way, leaving o trench betweey them angd t0 lake and
having a pile of rubhle in front. Several sueh rocks were foung on
the northeast shore of Long Lake, Alpeny County, (See IMigs, 77 and
T8) As in the case of exXpansion ramparts, thoge formeq by ice
jam are geqf limiting toy they finally must reach g strength which
is able to stop the advanee in the lower portipn of the ice ang the

top shears oyer. Repetition of the procesy may form an jee bush

terrace, see Plate Iix (Athabaska), and thig may possibly ocenr
during one Season as the jce ig buffeted haclk and forth by the
shifting windg o by a cloge Succession of storms,

The size of the lake ig also of Importance, Permanent ramparts
of thisg type are not found on very small lalkeg beeause the niomen-
tum of the small ice maggeg is not sufficient foy large effecty, On
Very large lakes they are formed pbut the materiy] of the shores
is usually fine ang wave action excessive go they are soon desh-oyed,
€ 8, on the Grept Lakes. my0 size of lakes On which the mgayi-
mum push iy exerted is not known put it is mueh larger thap that
for the exXpansion type, I’racﬁ(:al]y all of the Targer inlang lakes
of Michigan show evidence of ice action which is roughly propor-
tional to the size. On many of the lakeg of intermediate size it ig
certain that the push is exerteq iy, Both Ways and the Tamparts are
thus intensifieq,
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Another effect of ice dccurs when a great number of foating
caltes of ice are present. These drift with the wind fo the shores
and, instead of being pushed up on the shore, some drift along
the shore with the waves and currents. The action of these agents
ix increased by the ice especially as regards the transportation of
large material. Some of the material may be supplied by rocks
frozen into the ice which are released on melfing but some shore
material is moved along by the ice blocks and arranged into forms
similar to spits or V-bars. A V-bar formed in this way was noted
on Long Lake, Alpena County, Plate XIV, B. The form, the depres-
sion in the center, and the slopes ave characteristic of current action
but the material is angular limestone blocks having in some cases
a largest dimension of as much as eighteen inches.

A similar form is shown in Plate XV, A. This feature resembles
a spit in its position at the neck of an indentation but differs in
form and material. Normally the outline of a spit is very regular
but in this ease the curvature is serpentine in character (the main
body of the lake is to the left of the spit in plate). Also the ma-
terial is angular and of relatively large size on its surface, although
much of the submerged portion is composed of sand. It is prob-
able that current action is largely responsible for its formation
but floating ice blocks have added some material and have suc-
ceeded in modifying its form.

TIIE EXTINCTION OF LAKES

With the birth of a lake the forces wlich were responsible for its
formation leave it unprotected to the action of certain agents which
remodel its outlines and, to some extent, its bed. In addition, an-
other set of agents becomes active which inevitably results in the
extinction of the lake if existing conditions prevail. All of these
agents work rapidly from a physiographic standpoint and support
the idea that lakes are temporary features of the earth’s surface.

The processes which are working towards the extinction of lakes
are filling, draining, and evaporation. The filling of a lake basin
may be achieved by sedimentation, by animal and vegetal remains,
and by chemical precipitation. Sedimentation is active in lakes
whose entering streams bring in great quantities of silt which is
deposited near the shores to be worked over later by waves and
currents, and to which may be added the material torn from the
cliffs by the waves. The working over of this material into bars
and barriers also favors the accumulation of vegetation.

Some of the lakes are inhabited by innumerable minute animal
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organisms whose hard parts arve compose:d of calcium earbonate.
When the animals die the fine shells drop to the bottom and become
& part of beds of a white, powdery substance known as marl. Marl
is usually considered to be a mixture of calcium carbonate material
from several sources which, in addition to animals, include vege-
tation and chemical precipitates. Marl beds as much as forty feet

in thickness have been found in Michigan lakes and are being utilized -

in the manufacture of Portland cement. The bed shown in Plate
IV, B, ix from three to four feet thick and is exposed along the arti-
ficial channel of the Sturgeon River near Indian River. Thicknesses
of seventeen feet obtained by Dborings have been reported along
Crooked River in the same vieinity.

Vegetation is another source of filling. Numerous water loving
plants analogous to the leaves and stems of deciduous trees die at
the close of the growing season and sink to the bottom. These dead
parts, being covered with water, are protected from the gases of
the atmosphere and only partially decompose. The yearly residue
accumulates as deposits of peat, a light-brown to black porous sub-
stance composed very largely of vegetal remains, many of which
are well preserved. This material burns readily but with poor
Leat values and is not used to any great extent as fuel in this
country at the present time. The abundance of better fuel has held
back the exploitation of peat but, as the supply of coal diminishes,
the importance of the great peat deposits will become more and
more appreciated.

The plants which enter into the formation of peat may or may
not be attached to the bhottom but in either case probably do not
grow in water exceeding twenty-five feet in depth, due to unfavor-
able conditions of heat and light, and usually are within from two
to six feet of the surface. The floating forms are important in
lakes which are protected from strong winds and may sink and
form a deposit over the entire lake bottom. Those attached to
the bottom start in the shallow water along the shores and grow
outward into the lake as the accumulation of their remains de-
creases the depth. However, these forms, growing most abundantly

near the surface of the water, are not entirely dependent on shallow

water but extend outward over the surface as a floating bog, com-
posed of the felted and intertwined stems and roots. These bogs,
often tenacious, are elastic and give under pressure, hence the name
quaking bogs. They may develop so rapidly as to cover the surface
of the lake before the basin is completely filled and are thus under-
lain by elear water. The development from this time on is accom-
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plished by droppings from the under side of the bog, and in tlll)ls
wayv the water is crowded out of the s-pace. below. Th’e bogwl ?-
CO];leS firm, first along the shore and progresswely outwa.rd. V\Yle‘n
a lake is filled with peat the growth of vege‘.cat}on on its surfa,{e
continues for a time. DBut exposure to the air is unf'avorablfe ?0{1‘
preservation of the plant remains and the accumulation ceases &
short distance above the former water level. .

The encroachment from the shores in typical cases is qmt'e regu-
lar and shows an interesting zonal relationship between the different
kinds of plants. The constitution of the zones may vary but f01j
southern Michigan the first plants to develop are the ﬁ‘oatmg f(.)rl.n%
and the pond weeds. As these grow outward a zone of W_ater hlhef
starts at the shore and is closely followed by the floating sedges
which form the floating beg. ~ With the filling of the clear water
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Fig. 33. Diagrams illustrating the ﬁ]}ing Qf a lake by vegetatmn.. The seve%“all plﬁtnﬁ
associations of the Bog series, displacing onc another, belong .tg the ollowing
R major groups:—(1) O, W.—open water succession ; (2) )I:—.lll_alg,xnal succes:smn,
(3) S——shore succession; (4) B.—bog succession, cgmprlsu{g the bog ‘mgddpw
(B. m}, hog <hrub (B. s) and bog forest (B. f); and (:3) M. F.—mesophytic forest
succession,  (Reproduced from Bulletin 16, Geological Survey of Ohio.)
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under the floating matt, shrubs and other plaits develop on the sur-
face of the matt which crowd out the sedges. Next come the coni-
fers, usually tamarack and spruce, and the last to propagate are
the deciduons trees, especially poplar, willow, and maple. See
Fig. 33 and Plate 111, B. Such is the typical succession when fully
developed but in the intermediate stages the later zones are absent.

In this manner lakes are filled by vegetation but the process

varies in importance in different lakes. Quiet water is essential
for plant growth, hence small lakes and lagoons are most affected.
Shore conditions also have an effect. Gentle off-shore slopes are
tavorable because wave action is less intense and depths are suit-
able for vegetation, but are often composed of sand in which plants
take hold with difficulty. Frequently there is found a Leavy growti
of weeds in the mud just beyond the edge of the terrace but the
sandy terrace itself supports a sparse growth of reeds. Dead lakes,
as lakes filled with vegetation are frequently called, are character
ized by a monotonously flat surface composed of black soil and
covered with a thick carpet of moss and shrubs above which is
growing a thin stand of timber. See Plate XV III.

Lakes may become filled to some extent by chemical precipitation
but this process is limited in its application. In this climate it
may have been of importance in the formation of marl where cold
springs enter the lakes, but in dry regions it plays a more import-
ant role. In such regions the lakes are typically without outlets,
due to the fact that evaporation is excessive and prevents the
waters from rising to an avenue of escape. The loss of the water
by evaporation allows the dissolved material brought in by streams
to accumulate and, when sufficient concentration is reached, to
precipitate on the shores and bottom. Among the substances de-
posited in this way are salt, borax, calcium carbonate, etc.

The draining of a lake is accomplished by cutting down of the
outlet. Inasmuch as lakes act as settling basins, the outlets are
relatively free from sediment and in general cut very slowly. The
size and velocity of the outlet, and the resistance that the marterial
over which it flows offers to abrasion, determine the rate of down
cutting. Certain lTakes, on account of their depth reaching below
sea level, cannot be drained under existing conditions but, with the
cooperation of filling, extinction is always a possibility.

Changes in climate are necessary for the extinction of lakes by

evaporation and the change must be such that the supply of water
is decreased or the evaporation greatly increased. A more arid
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climate supplies both conditions and is usually acc(?mpanlidtsly :;1
iperease in temperature. Many example.s of par.tlalror bot Lo
tinction from this cause are to be found in the arid w es; u e
in Michigan. Great Salt Lake, which has been greatly lowere
level in this way, is one of the best known examples. etion
The relative importance of the ditferenF m‘et‘hods of’ ex 1111C 1en-
varies greatly in different regions and ?\'ith 111(11\'1(1}1211 lakes. kn gbut
eral, the outlet is deepened rapidly in 1111(:0115011(}3&{1 ?OC :, o
even in hard rock this may be true if the down-_cuttlng is duefi ”
recession of a waterfall, such as Niagara Falls in the ou‘tlfat 0b ta;ﬂ
Erie. As a rule deposition is more important than QPalmfn%h u o
Michigan this is probably not the c;?s‘e: Down-cutting f[)‘ e (;un
let is important because the great magont'y of' the ou.tlet si r(;za(lins‘yith-
over unconsolidated glacial material which is .rfeadlly erode ;-Ght
out the help of tools. On the other hand deposntlon' has bEEI‘l s ;lb L
Many of the lakes are fed by springs and the drift deposits have

11 3 t e
as vet been only slightly trenched by streams, in most areas th
; I In addition, the streams are

riginal slopes being almost intact.
101:10;;11:1 shoit and ﬂ?e areas draining into the lakes small. tAn f;
ceptiohal case is Torch Lake near Houghton where the‘S ErgeA
river has built a large delta at the southern en'd of the.éa e:h. .
more important source of material in our lakes is th‘e cliffs w 1(:d
sometimes form @ large part of the shor‘es. The cl%ffs, compos}i
almost entirely of unconsolidated material, are easily eroded by
the waves and the debris is distributed along the shores and bott(?lll.
It is possible that the enlargement of the .1ak‘e by shore I't.%;essi)olr;
may equal the amount of filling. Where cliffs form a consi te.ra. -
palzt of the shores the filling must be greater; and the 1‘2.1 io 1;(
creases according to the lieight and prepondera.n?e of. the chffks. :
is probable, however, that the amount of depom?mn in the la esﬂcl)e
Michigan so far has been a matter of a few inches only on
0.

bozt;tinthe present time, draining is probably more i'mport;n;lt thaz
filling, but with future development the down-cutting of t edotlile
lets will gradually decrease as the streams approach grade, an

. , 3 . o
sediment brought in by tributary streams must increase as thes

streams extend their courses. At the same time the material de-

posited by waves and currents will decrease as the terraces Wlde;l.
The deposition of part of this material in shore-forms redu(.:e's the
size of the lake by cutting off indentations and thus facilitates
filling, both in the main body of the lake ang in the lag.OOQS. ‘
Vegetal accumulation seems to be more important in the extine-

9
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tion of lakes in Michigan than either of the two processes discussed
above and is especially effective in the smaller lakes and lagoons.
It is impossible to give an estimate of the amount of filling that has
been accomplished in this way, but the prevalence of “dead lakes”
and quaking bogs indicates that vegetal accumulations are of fre-
quent occurence. All peat deposits are not necessarily evidence
that a lake basin has been filled, and it is only by a determination
of the depth and distribution of the peat and in some cases a
recognition of plant zones that the extinction can be proven.

As regards chemiecal precipitation, marl is practically the only
deposit of any significance in the lakes of the State and it may be
formed in other ways. Three factors may be active in its formation,
plants, animals, and chemical precipitation, and their relative im-
portance is not known. In general, marl is one of the first de-
posits to be formed on a lake bottom and is often covered with peat.
It may be sufficient in itself to fll a lake basin but no cases of such
filling have been described in the knowledge of the writer.

TIIE CYCLE OF SIIORE DEVELOPMENT

In the preceding pages the development of lake shores under +he
influence of waves and currents has been traced. This development
is gradual and systematic, and the variouns stages arve marked by
definite topographic forms. In other words, the shoves pass through
a cycle of events which begin with the birth of the Iake and termi-
nate when the waves and currents are impotent to further modify
them. A change in water level, either up or down, institutes a new
cycle which may or may not interrupt the previous one before it
is completed. TFollowing the practice with regard to streams, the
stages in the cycle have been likened to the life cycle and are termed
youth, maturity, and old age. These terms, in a general way only,
indicate corresponding lengths of time during which the forces
have been active, but conditions, hoth as to the coustitution of the
shores and the force of the waves and currents, are so variable that
the emphasis should be placed on the stage of development rather
than on the time element.

The youthful stage is a period of active erosion. The shore is
marked by irregularities above and helow water level, and a general
lack of adjustment to the movements of the water. The presence of
frequent headlands necessitates numerouns bays with sharp curves
and the shore currents are consequently poorly defined and discon-
tinnous. As the headlands are reduced and irregulavities of the
bottom filled, the currents increase in strength and continuity, and
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eventually simplify the shoreline by cutting oﬂf. 1*e-e11tr?111ts. Xoiltile,
then, is a time of relatively rapid changes an‘d is brought to a clos
Whel/I all possible cut-offs have been accompl‘lshed.v / A
The progress from this time on is grzuhm.l in conftrast ‘Eo ‘(1.16 1411\) '
changes of vouth and characterizes matarity. The shore line as &

; . . Lciency
whole either shifts landward or lakeward depending on the efficienc

of the currents and the material available. Where abundant m:

terial is supplied by incoming streams, the shore will advz_tncze lake
ward. If little or no material is supplied, th.e shore must 1)10;19:»
Jandward but the recession becomes increasingly slower u]ﬁltl}l aﬁ
end point is reached. Shores of most lzakes probably mlalvel 1eac\\
a stage bevond maturity because of the interference ?f t 'e plgci;
by extinction or by the inauguration of a new C}'C.le‘. lher maUUP g

tion of a mew cycle by a rise in level gives conditions of the SJI}IB
nature as those present when the lake basin was first ﬁoodyedi nﬁ
case the water level sinks, shore action Wﬂl‘be 1nﬂuence‘d 11101-? 91
Jess by the topographic forms developed during the pre_vmus stagﬂe,
and tfle development may consist largely in a remodeling of ﬂl(,iae
teatures. The latter condition is of common occurrence on the in-
land lakes of Michigan. On practically all the lakes, at 182:1?13 011)165
higher level may be recognized, unless the level has 1_)een raised by
dams, and in some cases as many as four have been found.
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CHATTER III
LAKES OF THE CHEBOYGAN RIVER BASIN

In the basin of the Clheboygan River lie several of the larger in-
land lakes of the State, which, on account of their grouping and
manner of formation, may well be discussed together. See Tig. 34.
About three miles upstream from the city of Cheboygan the river
branches, one branch leading from Black Lake on the borders of
Cheboygan and Presque Isle counties, and the other draining a
chain of lakes known as the “Inland Route”” The lakes of the
Inland Route and their connections are navigable for boats of small
draught and a regular passenger service is maintained during the
summer months from Chebovgan on the Straits of Mackinaw to Con-
way on Crooked Lake about three miles from Little Traverse Bay.
The lakes included in this route are Mullet, Burt, and Crooked.
Douglass, another lake of considerable size and importance, lies
dirvectly north of Burt, and is also included in this drainage system.

So far as known these basins lie entirely in glacial deposits which
are somewhat complicated in this interlobate region. On the north-
east side the moraines deposited by the ice of the Michigan and
Huron lobes have a northwest-southeast trend and consist of a
number of ridges which overlap in some cases. The best defined
is probably a narrow ridge which parallels the shore of Lake Huron
from Mackinaw to beyond Cheboygan, the only break being that
through which the Cheboygan River flows. On the western side
the moraines were deposited by the Michigan lobe and should be
more nearly north-south in trend but are poorly developed. Little
Traverse Bay caused a small lobe of the ice which penetrated as
far as Crooked Lake and left the weak morainic ridges that cross
this lake. The puzzling topographic feature is the extensive low-
land area which is irregular in outline and extends from the head
of Little Traverse Bay nearly to Cheboygan. This depression is
crossed by similar depressions running northwest-southeast. The
latter apparently lie between the moraines but the main depres-
sion runs transverse from Little Traverse Bay to Cheboygan, near
which place the depression is terminated by the Cheboygan moraine
mentioned above. It seems certain that the depressions existed
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prior to the last retreat of the glacier and may have been caused

by stream action previous to the advance of the ice, by the scour
of the ice in its advance, or by both. During the retreat of the ice
these depressions were filled with small Jobes of ice which melted
more slowly than the main ice sheet and prevented heavy deposi-
rion in or across them. Also this region is underlain by a pure
Jimestone which has been dissolved to a considerable extent east of
this locality forming numerous sinks, and it is probable that some
ol the deep holes in these lakes were formed in this manner.

T T T All of these lakes lie in parts of this irregular depression whose
slopes are strikingly marked by shore lines of former lake levels
higher than the present. One of these shores stands on the average
about 90 feet above Lakes Michigan and Huron and marks the
borders of Lake Algonguin which in this region may best be de-
scribed as a great archipelago. This archipelago covered all of the
present inland lakes of this group and large areas of the adjacent
Towland as well, leaving a heavy veneer of sand on the slopes now
exposed. Below the Algonquin beaches at elevations varying from
thirty-five to forty-five feet above Lakes Michigan and Huron, is
; another well defined shore line, that of Lake Nipissing. It stands

below the level of Douglass and Black Lakes but is present around
Burt, Mullet, and Crooked Lakes, a short distance back from the
shores and at elevations varying from fifteen feet above Crooked
Lake to twenty-five feet above the Cheboygan River at Cheboygan.
——-——— Thus, with the sinking of the level of Lake Algonquin, Douglass and
| Black Lakes become isolated basing while the lower part of the e-
| i pression, in which the lakes of the “Inland Route” lie, was stil! sub-
| ! merged and separated a large island to the northwest from the
!
!
!
'\
,I

mainland. During Nipissing time the opening at Little Traverse
Bay was partially closed by a bar the sands of which have been
heaped into dunes, see Plate IV, A. These dunes rise gently on the
western sides to Deights of one hundred thirty te one hundred
forty feet and then drop steeply on the eastern sides, showing
clearly the predominance of westerly winds. Near the shore of the
bay small dunes are now in process of formation and are migrating
eastward. Tarther inland, however, the large dunes have been
clothed with vegetation which has prevented further movement.
This row of dunes forms the divide which forces the water to run
eastward into Lake Huron and is narrowest and lowest at Kegomie,
having a width of slightly more than one-fourth mile and a height
of thirty-four feet above Lake Michigan.

The recession of Lake Nipissing to the present Great Lakes level

Crooked L.

COUNTY

LITTLE TRAVERSE
B4y

ig. 34. Outline map showing lakes of the Cheboygan River Basin. Note: Douglass
Lake, north of Burt Lake, is undesignated.
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isolated a large inland lake which at flrst occupied all of the de-
pression between the bar at the head of Little Traverse Bay and
Cheboygan. Later it was divided by a bar at Indian River and
then lowered to the present condition as the Chebovgan River
deepened its channel. The variation in elevation in this part of
the Cheboygan River drainage is very small. the total drop being
less than twenty feet in thirty miles, and most of this occurs in the
last mile of the river. The difference in elevation between Crooked
and Mullet lakes is less than sixteen inches but this is in part due
to a ponding of the water by a dam across the river at the mill of
the Cheboygan Paper Co.

CROOKED LAKE

Crooked lake is the western member of the “Inland Route” and
is readily reached by the G. R. & I. R. R. which skirts its northern
shore. The name is none too appropriate if applied to its outline,
which is roughly triangular and is nearly divided by Oden Island
slightly east of the center. The lake is shallow for the most part
but contains a good sized basin which drops to sixty-ome feet in
depth west of the island.

The irregular basin of Crooked Lake lies in a trough which
crosses the general trend of the morainic ridges having northwest-
southeasterly trend. The constriction in the outline caused by Cin-
cinnati Point is due also to morainic material. This persists as a
submerged ridge across the lake, with a maximum depth of less
than twelve feet, and is flanked by deeper water. A similar ridge
but better developed almost divides the lake at Oden Island. It
seems probable, then, that the main depression existed before the
last retreat of the glacier and may have been formed by a small
lobe of ice which pushed through Little Traverse Bay. As the ice
retreated, small morainic ridges were deposited across the trough
and are largely submerged at the present time. The deep basin
west of Oden Island was probably filled by a protected mass of ice
which left this depression on melting. The whole depression was
later covered by the waters of Lakes Algonquin and Nipissing,
which deposited a veneer of sand over the morainic material. In
fact, this sand covers the lowlands bordering the lake, and the
till is exposed only where the sand has been removed along the
headlands by wave action.

Three former levels are easily recognized along the shores of
Crooked Lake. The Algonquin and Nipissing lakes have already
been mentioned and their shores are found at levels of seventy and
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Michigan Geological and Publication 30. Geological Series 23,
diological Survey Plate IV.

A. SAND DUNES, LITTLE TRAVERSE BAY, ROUND LAKE IN IFOREGROUND.

B. MARL BLED, STURGEON RIVER NEAR BURT LAKE.
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fourteen feet respectively above the present level. The third level
occurs hetween four and five feet above the present and is but moder-
ately developed, in places dropping out entirely. The faintness
of the shore lines of this Post-Nipissing level may be due in part
to the greatly reduced size of the lake and the consequent weakened
shore action, but also to the fact that this level was maintained for
a short period of time. The drop to the present level was due to
the cutting down of the outlet, which runs through loose sands and
therefore worked rapidly.

The shore adjustments of this lake are interesting and have taken
place largely at the lower levels. Much work was done during the
Post-Nipissing stage but adjustments are still taking place that
will make important changes in the lake if allowed to continue.
These may best be appreciated by a description of the shores in the
order of a traverse,

Conway, situated at the west end of the lake, see I'ig. 35, lies on
a sand flat but slightly above the level of the lake. This flat is
interrupted by a shallow, swampy trench through which the outlet
of Round Lake reaches Crooked. The beach at this end is of sand
and the lake bottom slopes gently outward, making an excellent
and safe bathing beach. South of the outlet of Round Lake, the
land slopes graduoally upward to the Nipissing beach which follows
the lake shore to Cincinnati Point. Along this shore the Nipissing
terrace is well developed at an elevation of fourteen feet above the
lake, averaging about one hundred yards in width, and above this
an abrupt cliff fifty to fifty-five feet in height rises to the Algonquin
terrace. The beach is of clear sand and even in contour except
where littered with drift wood. The material of this beach is
working eastward and is being deposited in a spit attached to the
west side of Cincinnati Point.

The point is caused by a-till knoll which stood as an island at
the beginning of the Post-Nipissing stage but was connected with
the mainland by a bar along the western side behind which was
a lagoon. This bar now stands from eight to one hundred feet back
from the beach. Inasmuch as the present wave action on the east
side of the point is slight, in place of a bar a terrace is found.
Along this side the ice has pushed a strong rampart where shore
conditions were favorable. It is especially noticeable at the end’
of the point and near the mainland, but fails between these places.
East of Cincinnati Point the Nipissing terrace is narrow, but of
sufficient width to allow the building of a wagon road. Above this
terrace a steep cliff, fifty feet high, rises to the Algonquin terrace
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which ends in a well defined shore line one hundred or more vards
to the south. Along the present shore there ix no indication of the
Post-Nipissing level and the beach ix of coarse material as far as
the blunt swell which marks the southeastern limit of the point.
Here the Nipissing terrace widens and slopes gently to the shore.
The bay beyond Cincinnati Point is caused by a Jong, narrow,
swamp which swings back towards Round Lake. Beginning on the
point and extending about one-third the distance around the bay is
a continuous rampart which reaches a height of six feet in places
and was foried during the I’ost-Nipissing stage. Near its south-
eastern extremity it encloses a lagoon, indicating that both cur-
rents and ice have been active in ity formation. The bay terminates

in a broad point which is lined with a beach of coarse material, an -

indication that the material is still covered with sand. Along this
point the ice Bas pushed up a rampart which continues around the
southern end of the lake as the most prominent shre feature as far
as the Minnehaha River. North of the river the land is low and
flat but not swampy. The rampart is present, but poorly developed
along this shore. A short distance inland a faint terrace and shore
of the I'ost-Nipissing stage can be distinguished. Shore action
has been slight here, in spite of the fact that the waves which
strike this shore have the longest reach on the lake and are driven
by the strongest winds. The explanation is that the ofi-shore
slope is very gentle around the entire southern eni of the lake and
the force of the waves is largely dissipated before they reach the
shore. The adjustment is not complete, however, because currents
are actively transporting the shore material northward and have
built a spit more than one hundred yards in length opposite Oden
Island. This spit extends outward under water and meets a long
slender spit which has grown from the southeastern end of the
island. The opening between the island and the mainland, which
was originally more than one-fourth mile in width, is now less than
two hundred feet and is so shallow that only boats of very
small draught can pass. The two spits are not exactly in line at
present, the direction of that attached to the island being almost
due east. They will eventually swing into line, and, once this is
accomplished, the tying of the island to the mainland to the south
will be a matter of a few years only.

The till of the island is largely masked with sand, but an indica-
tion of its presence is found in the cobble beach along the south
shore. Thix island was evidently a shoal during Nipissing time
but was partly above water during the Post-Nipissing stage. At
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this time most of the area was plaued off to a sand terrace with the
exception of a small part near the south side. At the Post-Nipissing
stage the lake ice was very active on the small island and pushed
up a prominent rampart on all shores. Wave action has been
especially active on the west shore and to a lesser extent on the
south shore. This resulted in the transportation of the shore ma-
terial around the north and south ends and its deposition in the
form of spits, of which the one at the southeast corner has already
been described. The counterpart of this spit occurs on the north-
west corner and is actively growing at the present time. It has ex-
tended some distance beyond the original shore of the island and
encloses a lagoon to the east. The outline of the tip of this spit as
shown in Fig. 36, presents a sudden jog to the east. Undoubt-
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Tig. 36. Spit offset near distal end. Northwest end of Oden Island, Crooked Lake.

edly this jog represents a slight elevation of the level of the lake
or at least a holding up of the water to a more uniform level
throughout the year than it naturally would have. The only ex-
planation the writer can offer is that the waters are ponded to some
extent and kept at a more constant level by the presence of the
dam at Cheboygan, which is but five feet lower than the level of
Crooked Lake. Unless the channel at this point is kept open arti-
ficially, the island will be tied to the mainland from this end as
well as the south. No data could be obtained concerning the
date of construction of the dam, and this is very unfortunate for,
with this at hand, some estimate of the time necessary for the com-
pletion of the bar might be made, if the interpretation of the break
in the outline of the spit is correct.
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East of the island the shore is low and shows a faint beach of
the'Pos.t-‘\'ipissing level some distance back from the shore. ‘(“'a\'e
ac'tlon 1s slight here, but currents are set up which héve formed a
».Splt about one hundred feet long on the south side of the small bl;
into which the ountlet of Pickerel Lake enters, Bevond‘this bm
the land rises to the Nipissing terrace which is rai:hef Widé qnh
SlOp(.%S gently toward the lake. The beach is of sand which is be(inﬂ
carried northward and deposited in a well developed hook’qt ﬂlz
somew.hat prominent projection. Along this hook the trees li;]e the
shore in places, and the roots are gradually being swept free from
sand, which is added evidence of an abnormally Zirrh level for the
lake. Back of the hook just mentioned stands a Ia:oon which con-
nects with the north end of the lake and is in proc:ss of filling by
vegetation. =
‘ Crooked River, which discharges the water of this lake into Burt
1.? a very sluggish stream, having a drop of slightly more thfm’
81X inches in over four miles. The valley runs between the edges (of
"rhe Nipissing terrace and gradually narrows until at A]anst:)ﬁ it
just .allows the passage of the stream. This is the only place on
the river where a road-crossing has been made. Below Aulanson‘the
depression widens somewhat and the river expands into Hay Lake
n‘ow so filled with vegetation that it has been necessary to d;ed ge fl
(111{11)1'1ei1. Leaving Hay Lake the stream takes a straiﬂhf co;re(e
[;11'0.11;;'11 a low sand flat, but suddenly begins to meanaer at ﬂ;e
I.)evd's Elbow. This seems to be the highest place in the (ie pres-
s1on between Crooked and Burt lakes, and the banks correslonﬁ
closely in elevation with the Post-Nipissing level as founf n
Crooked Lake. It is evident from this that the drop to the r(eqecl)]t
level is due to the cutting of the outlet through these sandg ‘;l‘he
stream with its present current could hardly have cut this c}h‘qnnel
but at the higher level the gradient wasysomewhat stéepe;‘ ’111({
there were no artificial obstructions in the drainage system. (

R_eturning to the lake, the north shore presents little of interest
until Ponshewaing is reached. Here the Post-Nipissing terrace 1s
well shown, and upon this an ice rampart is found sombewhat west
of the point. Currents from the west have been active along t};iq
shore, but the resulting forms are obscured by docks and ‘?mad;
ground.” However, at Oden a well developed spit was formed at
jche Post-Nipissing level, running to the east and partially enclos-
ing a narrow lagoon which has been dredged and is now used as 2
harbor for small boats. The town of Oden is built on the NipissinO‘
terrace, the front slope of which has been cut into low cliffs by th:
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waves of the present lake. Farther to the west, this terrace is rela-
tively narrow and the Algonquin terrace above is the more promi-
nent. As the west end of the lake is approached, both terraces leave
the lake and continue to the north side of Little Traverse Bay.
Along this shore the terrace of the Post-Nipissing stage stretches
from the foot of the Nipissing terrace to the beach and is wet and
swampy.

From the description above it should be clear that Crooked Lake
as an isolated basin has stood at a level some four feet higher than
at present. Considerable adjustment of the shores has taken place
at the higher level and is still going on. A notable change that
may be expected is the tying of the island to the mainland both at
the southeast and northwest ends. This will probably be accom-
plished first at the southeast and later will have to be prevented
artificially at the northwest end of the island if the lake continnes
1o be navigable to its western end. The “drop off” is well defined on
shores exposed to the storm winds, such as the west side of the
island, the large embayment on the south shore, and the north shore
near Oden. The depth at the “drop off” is approximately four feet,
and in most places it is evident that the slope of the submerged ter-
race is very flat. This depth seems very small for a lake of this
size, and it is probable that this terrace is largely the result of
wave and eurrent action during the Post-Pipissing stage, at which
time the dépth over the terrace was double that at present. This
flat off-shore slope must greatly reduce the force of the waves, but
complete adjustment has not been accomplished as yet. In the
future, more is to be expected from deposition than from cutting,
althoagh the slight flooding of the lake has increased the latter.
Ice action has been of some importance, and in several cases excel-
lent ramparts have been formed. Yet, as a rule, the material and
topography of the shores are not favorable for their development.

As to the extinction of this lake, it is certain that it cannot be
drained unless the level of Lake Huron is materially lowered. It
stands 14.6 feet higher than Lake Huron and there are three “holes”

which have greater depths than this. Tributary streams are few

and deposit little sediment, so this method of extinction may be
considered of slight importance. Filling by vegetation is of much
greater importance. In many places marl is being deposited, and
beds of seventeen feet in thickness have been reported in the outlet
south of Alanson. In addition, heavy stands of reed grow each
season on parts of the submerged terrace, pavticularly in the east
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arm and along the fouth shore whepe sonie protection from the
waves is afforded, ang 4iq the process of fiilling.

BURT LAKE

The second member in ]y Sroup of lakes is Burt Lake, which
With an area of 265 Miuare miles ig one of the largest inland lakes
of the State. Thig lake ig oblong in shape angd extends north-soutl.
Its Jength ig slightly Jegg than ten mijex and its width regches
about five miles, although the average ig probably nearep three. See
map. Fig. 37. 7t ig easily reached by the Michigan Central R. R.
which crosses the outlet at the town of Indian River, situateq on
the outlet gne-half mile from the lalke.

As far as known, no hard yoek outerops on the shores of tpig
lake, the surrounding land being compose( entirely of glacial de-
posits. In seneral, it is flankeq With moraineg which run slightly
oblique to the Iength of the lake. One of these moraines, whieh
causes Colonial Point on the wegt side, ends abruptly at the point,
and irregular deposition of the morainic deposits on the east side
has given rige to Greenmygn point near the head of the Jale, The
north end of the lake heads in g Swamp beyond which ig the out-
wash plain extending to the east end of Douglass Lake. On the
west side, Crooked River enteys the lake through a low sand
Plain ang Indian Riyer drains the Iake through g similar de-
pression at the south end, The basin ig Consistently regular,
usually reaching depthg of forty to forty-five feet, but ig somewhat
deeper towards the south eng. Two exceptions to the evennegs of
the bottom are present: A gmyj pit east of Colonial Point which

drops to more than seventy feet ip depth, and g shallow depression
near the south end fifteen o twenty feet below the general Jevel,
This basin seems to lie in a depression between morainic ridges
which on the west side especially are irregular in distribution and
continuity, angq were deposited by the ice from the Lake Huron
basin. The ice in thig locality diq little abrading, anq this bagin
probably existed before the last retreat of the ice, The complica-
tion of the morainic system malkes it seem plausible that Burt Lake
was filled with jce after the general ice front Lgq retreated, and
around parts of jtg borders outwash wag deposited whicl, now lieg
well above the lake level, e, 8., the outwash gt the north enq. The
“holes” in the bottom of the basin may be due to exceptional thick.
ness of the ice or may possibly be sink holes,

Burt Lake, on account of jtg size, the excellent development of
the Nipissing terrace and cliff, freedom from g APy shores, and
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