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PART 1
MULTIPLE EROSION CYCLES IN PRINCIPLE

INTRODUCTORY SKETCH

First steps in the interpretation of the erosional histories
of regions were taken when (1) the processes of land de-
oradation by streams were worked out, (2) the limits of
change were recognized, and (3) the stages of reduction,
expressed in the terms youth, maturity, and old age were
described. :

Second steps were taken by Dutton® who conceived that
the Arizona plateau had been degraded to low levels and
then had been uplifted in such a way as to start new cycles
of erosion. Following the lead of Dutton but bringing to
bear upon their studies critical and analytical methods
Willis?, Hayes and Campbell?, Davis* and others wrote his-
tories of parts of the Appalachian mountains, not only pre-
senting and explaining evidences of more than one cycle
of erosion, but working out evidences of more than two
cyeles, deseribing the degree of completeness of reduction
reached in each eycle, giving the geologic dates of each
event in the erosional history of the region, interpreting
{he number, character and dates of uplift, etc. But, by its
very thoroughness and accuracy, this work has led un-
fortunately to confusion. Later the principles so well used
in the Appalachian region were applied, with little con-
sideration, to regions where their application was doubt-
ful. Complex series of events were thus assigned to regions
whose histories were simple, and there came to be more
raised peneplains in literature than in the field. The care-

1. Dutton, C. E.. “Tertiary History of the Grand Canyon District,”” U, S. Geol,
Surv., Monograph No. 2, 1882,

2. Willis, Bailey, The Northern Appalachians, Physiography of United States, 1895,
pp. 169-202,

3. Hayes, Willard C., and Campbell, M. R., “Geomorphology of the Southern Appa-
lachians,” Nat'l Geog. Mag., Vol. VI (1894), pp, 63-126,

4. Davis, W. M.. “Rivers and Valleys of Pennsylvania,” Nat'l Geog. Mag., Vol. I
(1889), pp. 183-254,



8 IOWA STUDIES IN NATURAL HISTORY

lessness of physiographic interpretation during this time
was followed by a period of reaction ushered in by the
criticism of Tarr' who seems to have been the first to sound
a note of warning and present the idea that not all flattish
surfaces above streams are old peneplains.

But now Tarr’s argument in turn seems to have been
carried beyond the point intended by its author, for many
oeologists having convinced themselves and others that
some physiographic features which have been described as
raised peneplains are not old erosion surfaces, have pro-
ceeded to the extreme conclusion that there are no such
things as raised peneplains and consider no evidence either
in favor of or against the peneplain theory in working out
the histories of regions in the field. The conclusion that
because some upland flats are not old peneplains there is
no such thing as raised peneplains is as unwarranted and
as great a detriment in the search for truth as was the con-
clusion of the older physiographers that because some up-
land surfaces were old peneplains, all such surfaces could
be identically interpreted.

The extreme reaction against the peneplain theory seems
to be giving way at present to a revival of interest in the
subject, as shown in the spirited discussion among Umple-
by*, Atwood?, Blackwelder®, and Rich?, all of whom assume
the existence of a raised peneplain and differ among them-
selves only in regard to the age of the plain. R. T. Cham-
berlin® also clearly believes in the peneplain theory, as evi-
denced in one of his latest productions. Physiographers seem
still to be about evenly divided into two groups, the mem-
bers of one of which disregard the peneplain theory en-

1. Tarr, Ralph 8., “The Peneplain,” Am. Geol. Vol. XXI (1898), pp. 351-871.

2. Umpleby, Joseph B., “An Old Erosion Surface in Idaho—Its Age and Value as a
Datum Plane,” Jour. Geool.,, Vol. XX, No. 2, pp. 1839147 ;: “An Old Ercsion Surface in
Eastern Utah—Its Age and Value in Time Determination.” Abstract, Wash. Acad.
Sei. Jour,, Vol. 2, pp. 109-110, 1912; “The Old Erosion Surface in Idaho," Jour.
Greol.,, Vol. XXI, pp. 224 et seq, 1918,

B, ;\twnml: Wallace W., “The Physiographic Conditions at Butte, Montana and
H_m;-"hnrp Canyon, Utah When the Copper Ores in These Districts were Enriched,”
h_rﬂu. Creol.,, Vol. XI, pp. 687-740, 1916 : “Physiographic Conditions and Copper En-
richment,” Econ. Geol.,, Vol. X11, pp. 545-547. 1917.

-1.: Bla-.-kw{-l:h'r. E.. "Physiographic Conditions and Copper Enrichment,” Eecon.
Geol., Vol. XII, pp. 541-545, 1917.
5. Rich, John L., “An Old Erosion Surface in Idaho: Is it Eocene,”” Econ, Geol.,

Vol. XIII, No. 2, March, 1918.

6. Chamberlin, R. T., “The Building of the Colorado Rockies ' . . Geol
T o e olorado Rockies," Jour. Geol,, Vol

R o — R S . TSN TS N,
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tirely in field work, while those of the other group believe
that raised peneplains exist, but are doing little construct-
ive thinking or writing in substantiation of the theory itself.

It now seems appropriate to bring together all the
methods which have been used in the interpretation of ero-
sional histories, to analyze each method, to discuss 1ts uses
and abuses, and to attempt to assign to each its proper
value. These are the purposes of this paper.

Both in the analysis of the principles and in the con-
«truction of the paper, the writer has been oreatly assisted
by Professors R. D. Salisbury, M. M. Leighton, and Leroy
Patton, of whom all were so kind as to read the first draft
and to make helpful suggestions for incorporation in the
final paper.

MORE THAN ONE CYCLE OF EROSION
Theoretic Considerations

The rate of land degradation by streams has been esti-
mated at 1 foot in 9000 years, under conditions which ex-
ict in the United States'. If the average altitude of the
land today be taken as 2300 feet it would take more than
2,000,000 years for streams to reduce the land to sea level.
But the process of degradation becomes slower as the lands
are reduced. This progressively decreasing rate of re-
duction carried through from youth to the ideal base-
levelled condition would involve an amount of time
approaching infinity. Indeed, it seems doubtful if geologic
time has been as long as a complete cycle of erosion would
be. But, though it be uncertain that lands were ever re-
duced to base level, they have been reduced to low levels;
that is, perfect baselevel plains are probably not formed,
but peneplains may be. There is no theoretic reason for
believing that extensive areas have not been peneplained
again and again,

1f the history of land surfaces were merely a matter of
formation and subsequent degradation, most lands should
to-day be in the condition of peneplains. The fact that

—

1. Water Supply Paper No. 234, U. 5. Geological Survey, DD. T8-88.
LY
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high lands exist demonstrates that there are forces which
give lands high’ altitudes and that these forces, on the
average, at least balance the processes of degradation.
These renewing forces are diastrophiec.

There is not perfect agreement among geologists con-
cerning some of the phases of diastrophism, but the prin-
ciples involved in land formation are fairly well agreed up-
on. Lands are due to lithospheric contraction. As the
lithosphere shrinks, the ocean basins settle more than the
continental platforms, the capacity of the ocean basins in-
creases, the water withdraws from the continental plat-
forms, and lands are increased in area or height or both.
If lands have been reduced to low levels and the lithosphere
shrinks, these lands are left higher by the withdrawal of
the sea and a new cycle of erosion is inaugurated.

If diastrophism were a continuous process, land would
be reduced slowly if general degradation exceeded uplift,
it would remain at a generally constant level if degradation
and uplift were equal, and it would become slowly higher if
uplift took place more rapidly than degradation. The
height of land would depend upon a balance between dias-
trophic uplift and degradation by all agents of which run-
ning water is chief.

Pronounced diastrophism manifests itself periodically
rather than continuously. Degradation goes on uninter-
ruptedly between periods of diastrophism, but sooner or
later the uplift comes, degradation is renewed and new
cycles of erosion are inaugurated.

The relative duration of erosion cycles and diastrophie
periods now becomes important. If the diastrophic period
is longer than the erosional cycle, land is totally destroyed
and then formed again. If the periodic uplifts come so
frequently and the land is uplifted each time so high that
the land added by each uplift is not entirely destroved be-
fore the mext uplift, the history is one Qf land increase,
partial degradation, further increase, partial degradation,
and so on. Neither the cycle of erosion nor the diastrophic
period is of determinate duration, and therefore there can
be no invariable rule in their relative valucs, but a study
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of geologic history leads to the conclusion that the complete
erosion cycle is in most cases at least longer than the dias-
trophic period. This being the case most cveles of erosion
are interrupted by uplift and few if any cycles of erosion
have been complete. Doubtless there have been cases in
which lands have been so reduced by all the agencies at
work on their surfaces and by deposition in the sea that
the sea spread over them, but probably there has never
been a time when whole continents have been so destroyed.
In any case the present paper deals only with those surfaces
which have not been reduced to the condition of sub-
mergence.

The question now arises as to what stage of degradation
is reached by the average surface before the cycle is in-
terrupted. Tarr® has argued that because there are few if
any low level plains to-day which have been developed by
streams, there never have been any and that pleneplains have
never existed. This conclusion is hardly warranted, for the
present day may be one closely following an uplift.

The writer would agree that probably no continent-wide
and perfectly flat erosional plains have been developed in
the past, but he cannot agree that smaller areas have not
been brought to an earlier stage of reduction which might
be defined by the term peneplain.

It seems unavoidable to suppose that erosion eycles might
be interrupted either in youth, maturity, or old age. But
interruption in old age should theoretically be most common,
for degradation takes place most rapidly in youth and
maturity, and is much slower in old age. Land is reduced
rather quickly to the peneplain stage but further reduction
to complete base level is almost infinitely slow. That is, in
a complete cycle the stage of old age would be longer than
vouth and maturity.

If a recion reached old age in the first cycle and has gone
only to maturity of the second, some of the characteristics
of the first eycle will have held over into the second, and
the history should be ascertainable. If on the other hand,
a region is in youth of the first cycle when the interruption

i Tarr, R. S.. “The Peneplain,” Am. Geol., vol. 21, pp. 551-370..
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occurs, and 1t 1s In youth of the second cycle at the time of
observation, it would be almost impossible to determine that
it had entered upon a second cycle. It would be still more
difficult to interpret the history of a region in which a eyele
of erosion had gone so nearly to completeness that all evi-
dences of a former cycle had been obliterated. Indeed,
satisfactory determination seems to be almost limited to

cases where each cycle of erosion is less nearly complete
than those which preceded.

Evidences of More Than One Cycle of Erosion
Several different physiographic features have been used
as criteria for more than one cycle of erosion in the history
of land surfaces. If their relative values are to be fixed,
it is necessary that each of these features be analyzed.

Interrupted Profile
Streams which have reached grade, normally have con-
cave profiles with progressively decreasing gradients from
source to debouchure. (abe Fig. 1). If such a profile be

Fig. 1, A diagram in explanation of inter: upted profile due to rejuvenation of a
stream. abc is the profile of the stream in old age of the first cyele when sea level

was cd. abe is the profile after sea level has taken the position ef and the rejuve-
nated stream has worked headward to be.

developed in old age of a first cycle of erosion and if the
region then be uplifted so that a steep bordering slope is
formed, rejuvenating the stream, degradation will be re-
newed first near the mouth of the stream, where a new
valley and a new profile will be developed. As this new
valley, with its profile, is extended headward, there will
come a time when there is a double or interrupted profile
(abe Fig. 1) in which the upper portion was made in the
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first cycle and the lower portion in the second cycle of
erosion.

There are, however, distinct limitations to the use of in-
terrupted profiles as criteria of rejuvenated streams. Any
stream which flows across resistant to non-resistant rock,
and which has not yet brought the resistant rock to grade,
may develop an interrupted profile in a single cycle of
erosion. (Fig. 2). If a relatively flat surface emerged

ot e ) ) N ] Hotp Hack T =
A Y T ) T [ S i S ) o (Y ! () !
Fig. 2. Diagram showing how interrupted profile abe may be developed in a single

cycle of erosion with reference to sea level ed, due to inequalities in the hardness
of the rock formations.

from the sea and came to stand distinctly above its sur-
roundings, as in the case of a plateau, water would run
down the gently sloping summit surface and down the steep
bordering slope and would acquire an interrupted profile
which would last until the lower portion of the stream had
worked headward to the very source of drainage. Any
region therefore having unequally resistant rock or any
flattish surface bordered by a distinct descent, may have
streams with interrupted profiles.

In the abstract, interrupted profiles in the streams of a
region merely suggest that the region may be in the second
cyele; they do not furnish strong evidence, much less proof,
of a second cycle. They amount to strong evidence, only
after all other possible interpretations have been eliminated
by careful study in the field.

Stream Terraces
The uplift of a surface in which a stream has previously
reduced its bed to grade and developed a valley flat causes
the stream to intrench itself in the flood plain and form
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terraces. (Fig. 3). Terraces so formed involve more than
one cycle of erosion.

However, stream terraces are formed in a single cycle
of erosion (1) by unequal widening at the levels of un-
equally resistant horizontal strata, (2) by the partial re-
moval of glacial or fluvio-glacial fills in valleys, (3) by the

Fig. 3. Diagram showing how stream terraces may be fofmed by uplift of the sur-
face after a stream has developed a valley flat. The profile abedfgh is the cross sec-
tion of the valley after grade level AA has been reached. By uplift a new level was
established at BB, the rejuvenated stream cut the new valley cef, and terraces bc
and fg were formed.

recession of falls through temporarily graded valley bot-
toms, (4) by the removal of dams, such as landslides, lava
flows, sand dunes, ete., (5) by renewed erosion of a valley
flat, due to increased volume in a pirate stream, (6) by the
intrenchment of graded valley bottoms as a stream acquires
greater length and more and longer tributaries and comes
to drain a larger area, and increases in volume, (7) by a
graded stream receiving less load from its head as gradients
are lowered, and intrenching itself, (8) by a stream picking
up much fine material from its flood plain and dropping
less coarse material in its place, (9) by the shifting of
meander belts down stream, ete. These are common pro-
cesses and all the events in the history of many stream ter-
races take place in a single erosion cycle.

From the above, it is clear that terraces along the streams
of a region can seldom be used as adequate evidence of more
than one cycle of erosion. On the other hand, if stream
terraces can be analyzed and all possibilities can be elimi-
nated except the one involving more than one cycle of ero-
sion, they might be considered to be more than merely sug-
gestive of a second cycle, especially if there are other evi-
dences which corroborate the conclusion.
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Intrenched Meanders

Meandering streams in young valleys have long been
used as evidence of second cycles of erosion in regions. By
some they have been used as proof, even in regions which
afford practically no other evidence of more than one cycle
of erosion!’. As commonly interpreted, the history of in-
trenched meanders is somewhat as follows: (1) in a first
cycle of erosion a stream reaches grade, becomes sluggish,
and develops a broad valley flat and broad meanders; (2)
the surface is uplifted relative to sea, the stream 1is re-
juvenated, and intrenches itself without changing its mean-
dering course.

The value of intrenched meanders as evidences of more
than one cycle depends upon the definition of meanders, and
the accuracy with which they may be distinguished from
other crooks in streams. During all stages of their history
all streams are more or less crooked. The first water which
flows over a newly formed land surface concentrates in
crooked courses, (1) where there are original depressions
irregularly distributed, (2) where unequally resistant
materials are not arranged in orderly fashion, or (3) where
there are differences in the amount of water supply. If in
this stage the streams are flowing over a low, almost flat
surface, they are easily deflected and curves are developed
which are identical in principle with meanders developed
on valley flats by streams at grade. In this first stage of
its history such a stream is said to be consequent and its
curves might be called consequent c¢rooks. Continuing their
histories, such streams lengthen by headward erosion, their
heads being extended up the steepest slopes, through the
least resistant material, and toward the greatest water
supply. Inasmuch as these determining conditions are
irregularly distributed on most surfaces, this stage of
stream adjustment involves the development of a second
set of crooks which are also consequent. As the cycle of
valley development and the cycle of land reduction continue,
a third stage is reached in which stream piracy takes place,

1. Gannett, Henryv, “Physiographic Types,” Folio No. 1, U, S. Geol. Surv. Fourth
map and page 2,
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streams are diverted and beheaded, drainage is reversed in
direction, and still other crooks are developed. During any
one of these first stages in stream adjustment, streams may
reach temporary grade, on the upstream sides of resistant
rock or upstream from glacial dams, blocking lava flows,
landslides, or artificial dams, and develop meanders. Finally,
when the stream has developed its valley to old age, has
large tributaries and large volume, and has reached a still
later stage of adjustment, the stream is sluggish, is likely
to be depositing, is easily turned from side to side, and
stream meanders, as the term is commonly applied, are
formed. The crooks developed in the first three stages as
outlined above, may be formed and intrenched in a single
cycle of erosion. It would require an uplift and a second
cyele of erosion for the intrenchment of the meanders de-
veloped in the fourth stage. If meanders be defined as the
curves acquired by a stream in the late stages of valley de-
velopment, intrenched meanders would be proof of a second
cycle of erosion. But a difficulty lies in distinguishing such
meanders from crooks developed during earlier stages.

The writer does not see any means of distinguishing
crooks developed in youth on a flat surface (Fig. 4, AA and
BB) nor meanders formed on temporary flood plains up-
stream from obstructions, from meanders developed in old
age (Fig. 4 DD and EE). It seems even difficult, and in
many cases impossible to distinguish the meanders of old
age from ordinary crooks due to topography, irregularities
of resistance, or stream piracy (Fig. 4 CC).

It has been said that meanders differ from other crooks,
(1) in being more symmetrical, (2) in being so arranged
that every portion of the stream course is a part of two
meanders, and (3) in having a ratio of distance across the
necks of meanders to distance around the meanders of about
1 to 7. A study of the courses of the Missouri and Sioux
rivers on the Elk Point, S. D. topographic sheet, the Mis-
sourl and Platte rivers on the Leavenworth, Kas. sheet, Mis-
sissippl river on the Baton Rouge, La. sheet, Missouri river
on the Marshall, Mo. sheet, the Wabash, White and Patoka
rivers on the Princeton, Ind. sheet, the Wabash and Little
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I

Fig. 4. A series of plats of stream courses of different histories.

AA is a part of the ecourse of Maple river taken from the Casselton, No. Dak. topo-
graphic sheet, It has a consequent course in youth of its first eycle. Curves devel-
oped on low, flat land.

BB Rock river, Waterloo, Wis. sheet. A consequent stream on the surface of
glacial drift.

CC Deerfield river, Wilmington, Vt. sheet. A stream in harmony with rock hardness
and topography.

DD Platte river, Leavenworth, Kas. sheet. Meanders developed in old age.

EE Big Sioux river, Elkpoint, So. Dak. sheet. Meanders developed in old age.
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Wabash rivers on the New Haven, Ills. sheet, and Nemaha
river on the Falls City, Nebr. sheet, all of which are streams
with meanders formed in old age, shows that these three
characteristics of meanders are more imaginary than real.
Few if any distinguishable differences between the mean-
ders of old age and crooks made in other ways are brought
out by the comparison of the meandering streams referred
to with typical crooked streams not in old age, such as Red
and Buffalo rivers on the Fargo, N. D. sheet, Otter creek
on the Brandon, Vt. sheet, Deerfield river on the Wilming-
ton, Vt. sheet, Des Moines river on the Boone, Iowa sheet,
San Joaquin river on the Westley, Cal. sheet, Tuolumne
river on the Westport, Cal. sheet, Canadian river on the
Brilliant, N. M. sheet, Stanislaus river on the Ripon, Cal.
sheet. There being no distinguishable differences between
the meandering streams referred to above and ordinary
streams which have never reached old age, it follows that
1t 1s 1impossible to tell from the maps, after a study of the
curves themselves, whether intrenched meanders of the
second cycle of erosion or ordinary crooks of the first eycle
are 1llustrated in the Brazos river on the Palo Pinto, Texas
sheet, Monongahela river on the Brownsville, Pa. sheet,
Canondoquinet creek on the Harrisburg, Pa. sheet, Grant
and Platte rivers on the Lancaster, Wis. sheet, and Osage
river on the Tuscumbia and Forsyth, Mo. (Fig. 5) sheets.

Intrenched meanders might, however, in some cases at
least, be distinguished from consequent crooks by the pres-
ence of outer valley walls. If the meander belt is located
within outer valley walls and the stream is intrenched, the
curves would seem to have been inherited from the mean-
ders of an old age stage of valley development in a pre-
vious cycle. With this exception, which would rarely apply
except in the early stages of a second ecycle following a
cycle which was interrupted before the valley walls became
indistinet, intrenched meanders as evidence of more than
one cycle in the erosional history of a surface would seem
to have little if any value. Only in combination with other
and more decisive evidences would they rise in other cases
above the rank of mere suggestion.
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Associated Sets of Straight and Crooked Streams
Although it seems impossible to distinguish intrenched
meanders from other stream curves by a study of the curves
themselves, comparison of a stream and its own tributaries
will, in some cases at least, determine whether or not a

Fig. 5. A plat of the eourse of White river taken from the Forsyth, Missouri top-
agraphic map. The stream flows in a young valley, and its course has been inter-
preted to be a series of intrenched meanders. Reference to Iigure 4 brings out the
danger in such interpretations. So far as the curves themselves are concerned,
they might not be intrenched meanders, as that term is commonly applied, and the
surface micht have suffered only one cycle of erosion.

crooked stream is in its second cycle. When a stream is
old it meanders and has only a few tributaries which also
meander. After rejuvenation, many other tributaries are
developed, which do not meander. The early stages of a
second cycle then would exhibit two sets of streams, one of
which includes only a few large, conspicuously crooked
streams, and the other set a large number of small, relative-
ly straight streams. If all the streams of a region were
formed in the same cycle under the same conditions, they
should all show the same general character and degree of
crookedness. If one set is curved and the other set straight,
both cannot have been developed in the same cycle. (Fig. 6)

It seems, therefore, that this association of one set of
streams which meander and a second set the members of
which are conspicuously more nearly straight affords
strong evidence that the surface on which the two sets are
thus associated is not in its first cycle of erosion.
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Fig. 6. A plat of the drainage of the Pittsburg Quadrangle. There are two distinet
sets of streams, one including the large and most crooked streams, and the other the
smaller and straighter ones. The large streams have a sort of curve different from
that of the small ones. It seems that the large streams must have been developed to
something like their present sizes and must have had their present courses before the
small streams were started. The interpretation seems warranted that the courses of
the large streams were established in old age of the first cvele of erosion and the
small streams in the second cycele.
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Antecedent Streams

The value of antecedent streams as evidences of more
than one cycle of erosion in a region depends upon the
definition of the term antecedent. The term was originally
applied by Powell' to streams which hold previously estab-
lished courses as their beds are warped, folded, or faulted
The streams were supposed to degrade their beds as rapidly
as the beds were warped up. Such a history does not
necessarily involve more than one cycle of erosion, except
in the places where up-warping occurs.

Later the definition of antecedent streams was greatly
broadened by Davis, Willis, and Hayes and Campbell, who
applied the term to the Potomac, Susquehanna and other
rivers of the Appalachian mountains. This whole region
was folded and then peneplained, the rivers acquired their
present courses on the peneplain, and then uplift of the
whole surface took place and the streams intrenched them-
selves in their old courses. According to this definition
antecedent streams are those which develop courses inde-
pendent of rock structures in old age of an erosion cycle
and hold those courses after uplift. Such streams are im-
portant evidences of more than one cycle.

In a folded region, such as the Appalachian mountains
at the end of the Paleozoic era, streams adjust their courses
in several distinct stages during the first cycle of erosion.
In stage I, the main streams flow parallel with the strike
of the strata in the axes of the synclines and the tributaries
flow down the limbs of the anticlines parallel with the dip
and at right angles to the main streams. In this first stage
the slope of the land controls the courses of the streams.
In stage II, those streams acquire an advantage, which first
penetrate resistant layers and come to flow on non-resist-
ant layers parallel with the strike. In this stage the main
drainage lines shift to the limbs or axes of the anticlines.
(Fig. 7). Now it is the resistance of the rock and the rock
structures which control the courses of the streams. Finally
when old age has been reached and all or most of the rocks

1. Powell. J. W., “Explorations of the Colorado River of the West and Its Tribu-
taries,’”” p. 163. 18756.
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have been reduced to grade, those streams which flow the
shortest distance to the sea will have higher gradients than
others and will therefore gradually absorb these other
streams. The result is a drainage system in which the
main streams flow the shortest distances to the sea irres-
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Fig. 7. Diagram to _ii!ustrafe_ihe change from Stage I to Stage II of stream ad-
Justment in regions of folded strata. (After Davis).

pective of rock structure or hardness, and even the tribu-
taries flow into the mains by the shortest routes (Stage III,
Fig 8). Near the divides where the streams are not at
grade, tributaries may still be flowing parallel with the
strike, controlled by the structure. In this third and final
stage of adjustment the courses of the streams are again
controlled by the topography, but the topography is not the
same as it was in the first stage. Roughly, Stage I would
correspond with youth of the eycle of erosion, Stage II with
maturity, and Stage 111 with old age.

If a region in which the streams have gone through the
three stages of adjustment, be uplifted relative to the sea
and the streams hold their courses during and after uplift,
the streams in the second eycle would be antecedent accord-
ing to the more recent use of the term. In a region of fold-
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ed strata during maturity, streams which have courses
parallel or oblique to the dip and flow the shortest distance
to the sea, afford good evidence that the region has suffered
more than one cycle of erosion.

v

Fig. 8. Diagram illustrating Stage III of
stream adjustment. (After Davis).

In case a region under investigation is not one of folded
structures, the same general methods as outlined above may
be applied. The stages of adjustment can be worked out
and the corresponding stage of reduction. If the stage of
reduction and stage of adjustment do not harmonize, the
stream courses furnish cvidence of more than one cycle of
erosion.

It must be recognized that by extremes in slope streams
might work headward through hard rocks and that by ex-
{remes in non-resistance, they might extend headward
through topographic elevations so as to flow through water-
oaps, all in the first eycle. It is not probable, however, that
anything but the smaller streams of a region would in this




24 IOWA STUDIES IN NATURAL HISTORY

way develop courses which would appear to be out of har-
mony with rock resistance and existing topography in a
single cycle of erosion.

Another case of antecedent streams involves superim-
position. Streams which develop courses on newly formed
surfaces, such as lava plains, emerging sea bottoms, or sur-
faces of glacial drift, may cut through superficial deposits
and become superimposed upon previously existing, irregu-
lar, buried surfaces. Such streams may have courses en-
tirely out of harmony with the resistance, structure and
topography of the old surfaces. Superimposed streams are
antecedent but they do not indicate that the youngest sur-
face degraded has been reduced in more than one cycle of
erosion.

From the foregoing, it is seen that certain antecedent
streams are significant of more than one cycle of erosion.
If the main streams of a region show evidence of having
reached a late stage of stream adjustment but if they are
not in a late stage of erosion in the present cycle, they offer
valuable and almost indisputable evidence of more than one
cycle. The Susquehanna river shown in Fig. 9 practically
proves that the region in which it has its course is not in
its first cycle of erosion, if local warping under the stream
and superimposition can be eliminated.

Windgaps

It has long been the prevalent opinion that most, if not
all, windgaps are the result of diversions by piracy of
streams flowing in narrows or watergaps across hard
ridges, leaving the watergaps without water. If this is the
origin of windgaps, they have some value as evidences of
more than one cycle of erosion in the region in which they
are found. Let a region of folded strata go to old age of a
cycle of erosion and let the streams attain a final stage of
adjustment following the shortest routes to the sea parallel
or oblique with the dip of the strata. After uplift of the
surface, new streams will be started which will adjust
parallel with the strike on the less resistant formations.
These streams under the new conditions will have the ad-
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vantage of the antecedent streams oblique to the strike and
will behead the antecedent streams. This leaves windgaps
where the antecedent streams flowed across hard forma-

Fig. 9. Part of the Harrisburg, Pa. topographic
map, showing the antecedent course of the Susque-
hanna river. Such a relation between stream
course, topography, and rock structure proves that

the surface has suffered more than one eycle of
erosion.

tions, provided these streams intrenched themselves in their
old courses before piracy took place.

In regions of folded strata there is possibility of piracy
and the formation of windgaps in the first cycle of erosion.
In passing from Stage I to Stage II of adjustment the main
streams are diverted from courses on the synclines to cours-
es on the limbs or axes of the anticlines, giving rise to
drainage systems some portions of which are parallel with
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the strike and other portions parallel with the dip. This
stage is reached before the streams have reached their depth
limits, and piracy may occur. Indeed, the change from
Stage I to Stage II is not accomplished without piracy. In
such cases streams parallel with the strike have the ad-
vantage of streams flowing across the strike and windgaps
are formed which might be indistinguishable from those
due to piracy in the second cycle.

Windgaps are not conspicuous in regions of horizontal
strata nor in regions of massive rock, a fact which prac-
tically limits the application of windgaps to regions of fold-
ed or tilted strata.

Another limitation in the use of windgaps as criteria for
more than one cycle of erosion has recently been emphasized
by Miller' who explains that windgaps may be formed by
two streams working headward from opposite sides of the
same divide, developing a permanent divide between their
heads and forming a col. Such a col could hardly be dis-
tinguished from gaps which had once been occupied by
streams and then abandoned. A study of the relative sizes
and gradients of the streams on either side of the divide
might aid in determining the histories of such gaps.

So difficult is it to distinguish wind gaps resulting from
piracy in the second eycle from those developed during or-
dinary adjustment or in the establishment of permanent
divides in the first cycle that it is doubtful if they would
ever, even under the most favorable cirecumstances afford
important evidence of more than one cyvele, taken alone.

Even-crested Summit Areas

Perhaps the fact that the uppermost surfaces of some
regions approximate planeness and that the summit divides
all come up to a nearly uniform level, has been more gen-
erally used as a eriterion of more than one cycle of erosion
than has any other evidence. But the principle has been
abused. Various terms have been used in connection with
this point, such as “even-crested hogbacks,” “even-crested
ridges,” “upland plains,” “accordant summit levels,” “even-

1. Miller, A. M., “Windgaps,” Seience, Vol. 42 (1915), pp. 671-573.
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crested divides,” “even-crested uplands,” and “even-crested
skylines.” The term ‘‘even-crested summit areas” seems
to include every phase of the subject and to exclude inter-
mediate plains, which might be included under some of the
other terms and which constitutes a separate point.

Study of the principles involved in the formation of
topographies in which the highest elevations are flat-topped
and have about the same altitude, shows that such even-
crested summit areas constitute better evidence of more
than one cycle if the rocks involved are folded or tilted or
massive, than if they are horizontal or nearly horizontal
strata.

In Regions of Folded Strata: A plain which bevels fold-
ed strata might be interpreted as recording the following
events: (1) the folding of the strata, forming a topography
of high relief with anticlinal ridges and synclinal troughs;
(2) erosion of the surface until a large part is brought to
grade, leaving the surface relatively flat; (3) uplift of the
land relative to sea, renewed degradation by streams and
the relatively rapid removal of the non-resistant materials,
leaving the outcrops of the harder formations as ridges or
hogbacks, the tops of which are remnants of the peneplain
developed in the first cycle.

It seems difficult to the writer to assign any other history
than that outlined above to topographies illustrating even-
crested summit areas in regions of folded strata. Other
possible interpretations may be mentioned. Tarr' has ob-
jected to the idea that the more or less even-crested ridges
of the Appalachian region represent an ancient peneplain
and points out (1) that they are by no means of a common
level and (2) that elevations made of about equally resist-
ant rock, starting with their summits above timberline,
would be eroded rapidly and about equally to timberline,
and then acquire more or less uniform levels, all in a single
erosional cyele. It should be noted that these even-crests
are not at timberline. Other investigators® have proven,

1. Tarr, R. S.. Am, Geol,, Vol. 21, pp. 351-370.

o Davis, W. M., Am, Jour. Sei.. 1889, Vol. 87, p. 430; Willis, Bailey, Physiography
of the United States, pp. 169-202 ; Hayes and Campbell, Nat'l Geoy. Mag., Vol. 6, pp.
Bo=-126.
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by the application of a combination of other evidences, that
the Appalachian mountains have been eroded in more than
one cycle and that at the accordant summits of the ridges
there are remnants of a surface formed in a cycle previous
to the present one.

It has also been argued that mountain ridges can main-
tain only a certain elevation because the surrounding area
is not able to support the greater pressure which would
operate if the ridges were higher. This is a part of the
theory of isostasy. No discussion of this theory is in place
here. It need only be said that the structure of the rocks
in most areas where there are accordant summit levels is
such as to prove that the elevations were once much higher
than they now are and that they have been reduced by
streams.

It 1s also possible to assume, until proven otherwise, that
accordant summit levels in a folded region are remnants of
a plain of marine denudation. The criteria for distinguish-
1ing remnants of such a plain and remnants of a true pene-
plain are clear. If the sea cut its way on the land for any
considerable distance, portions of the wave-cut terrace
would become sites of marine deposition and when the sea-
denuded plain became land, it would be covered with marine
sediments, which of course might be removed later. Also
the border of an old plain of marine denudation would be
a shoreline and erosion remnants on its surface would have
the contour of islands. It has never been proven that plains
of wide extent are made by this method, especially if the
plain be inland, and no even-crested summit areas have
ever been proven to be remnants of plains of marine de-
nudation.

It should not be said that even-crested summit areas in
regions of folded strata considered alone, prove more than
one cycle of erosion, but they afford strong corroborative
evidence to that effect.

In Regions of horizontal or nearly horizontal strata: Ac-
cordant summit levels, where strata are horizontal or near-
ly so, afford possibilities of interpretation not applicable in
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regions of folded strata. In a previous article by the writer’
an upland plain in northwestern Illinois was conceived to
be (1) an original marine plain of deposition; (2) a marine
plain of erosion; (3) a structural plain; or (4) a true pene-
plain. Only in case such upland plains can be proven to
be true peneplains do they constitute proof of more than
one cyele in the erosional history of a region. For the de-
tailed discussion of the characterizing features of plains
formed in the four ways outlined above, readers are re-
ferred to the article cited. A plain of marine deposition
should be parallel with the rock strata and should not have
on its surface deposits of any sort younger than the marine
formations which underlie it. A plain of marine erosion
should be bordersd by higher land and separated from this
land by a shoreline. It should bevel the edges of rock for-
mations: its surface should contain marine deposits young-
or than the formations which the plain bevels and any rem-
nants which stand above it should be isle-like. A structural
plain would be located on a resistant formation and would
be parallel with the dip of that formation. If upland flats
are remnants of a true peneplain, the surface represented
by them when reconstructed should not, except in unusual
cases, be parallel with rock structure, should be more or
less uneven, have dendritic erosion remnants above it, and
have fluvial deposits on its surface. There might be cases
in which it would be impossible to determine the correct
one of these four origins of upland plains, but if they be
studied carefully enough and over sufficiently wide areas,
correct interpretation should be possible.

Recently, Martin® has expressed the opinion that features
of the topography of the Driftless Area of Wisconsin, which
have been most generally interpreted as even-crested sum-
mit areas representing an old peneplain, can better be ex-
plained by assuming that the topography is due to the un-
equal erosion in a single cycle of series of unequally resist-
ant rock formations having a slight monoclinal dip. After
defining a cuesta as “an upland with a short steep descent,

1. Trowhridge. A. C., Jour, Geol., Vol. 21, pp. T31-738.
9 Martin, Lawrence, Bull. No. 36, Wis. Geol, and Nat'l Hist. Surv., pp. 63=70.
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or escarpment, on one side and a long, gentle slope on the
other,” and stating that “the gentle slope usually corres-
ponds to the inclination or dip of slightly inclined sediment-
ary rocks’,” he contends that the upland plains in the Drift-
less Area are simply the gently sloping surfaces of cuestas.
If this is the correct interpretation of such upland surfaces,
(1) the slope of any individual patch of summit area should
correspond in direction and amount with the dip of the
rock formations, (2) each upland area should be formed
by resistant rocks, and (3) the altitude of the summit of
any given cuesta should depend upon the resistance of the
rocks forming it and the length of time it had been exposed
to erosion after the removal by streams of all overlying rock
formations.

Any considerable areas of summit flats now poorly
drained and forming broad divides between present streams
would hardly be formed in this way in a single eycle of
erosion. If individual summit areas were found to bevel
the edges of layers or formations, if these areas are large
and far from present streams, if some of the rock forma-
tions bevelled by the surfaces are non-resistant, and es-
pecially if a surface reconstructed by filling the lowlands to
the summit areas is found to have a uniform slope in direc-
tion and amount, if this slope be uniformly greater or less
than the dip of the beds, and if irregularities in rock struc-
ture and rock resistance do not influence this surface, the
even-crested summit areas could hardly be considered to
be merely a series of cuestas.

In Regions of Igneous Rocks: If massive 1gneous rocks
solidified below the surface of the lithosphere be eroded in
such a way as to leave flat-topped and accordant elevations,
it seems that at least two cycles must have been involved
in the history of the topogr aphy, except in cases where the
massive rock had a flat surface to begin with. In the nor-
mal case it would require a cycle of erosion to remove over-
lying rocks and flatten the surface of the igneous rocks, and
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a second cyele to degrade some of the land further and leave
the previous surface represented by the flat summit areas.
It seems that accordant summit levels would be as strong
evidence of more than one cycle in regions of massive igne-
ous rocks as in regions of folded strata.

Extrusive lava sheets and intruded sills might form flat-
topped hills, when eroded, without offering more than a
bare suggestion of more than one cycle of erosion.

In any case there is an unanswerable question as to how
flat upland surfaces must be and how nearly to a common
level their remnants must come before weight is given to
them as evidences of more than one cycle of erosion. Even
in the regions which have suffered more than one cycle
there are several causes of irregularity in the topography
of the upland plain. In the first place most peneplains at
the close of the first cycles are not flat. A total relief of
several hundred feet would not be incompatible with the
term peneplain, provided large portions of the surface had
been brought to grade. Secondly, the surface might be
warped, folded, tilted, or faulted as it is uplifted. Finally,
erosion might roughen the upland surface after rejuvena-
tion of the streams, without entirely destroying its former
characters. The larger and flatter summit areas are, and
the more nearly accordant they are, the more definitely can
the term ‘“‘even-crested summit areas” be applied to them,
and the more certainly can the erosional histories of regions
be read from them. The failure of accordance in the up-
lands of a region could under no circumstances be taken as
proof that the region had not been oroded in more than one
cycle.

Even-crested summit areas should be used as evidence of
more than one cycle of erosion only after complete and care-

ful study.

-

Intermediate Plains :

The term intermediate plain has not been used before as
an cvidence of more than one cycle, but the principle in-
volved has been used oxtensively and to ocood advantage,
without previously having been named. In the present con-
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nection an intermediate plain may be defined as one having
a position intermediate between the summits of the high-
est elevations and the bottoms of the deepest vallevs (Fig.
10). Or intermediate plains might be defined as plains
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Fig. 10. Diaprammatie section illustrating an ideal intermediate plain.

above which stand erosion remnants and below which are
valleys. The erosional history of such a region as is shown
in Fig. 10, would seem to involve two cycles of erosion and
to be somewhat as follows: (1) the formation of a land
surface at levels at or above the present summits, (2) the
reduction of the region and the formation of a peneplain,
(3) the uplift of the region, rejuvenating the streams, and
(4) the development of the valleys. This sort of topography
seems to be and is strong evidence of more than one cycle
of erosion, although it hardly amounts to proof,

Plains having similar relations to erosion remnants and
valleys might be structural. It is conceivable that streams
might cut through soft surficial material, to a thick, hard
formation of rock, then find further degradation retarded
to such an extent that by processes of widening, the soft
material might be removed over wide areas before the hard
formation is cut through, leaving only a few remnants
above the level of the top of the resistant formation. The
surface in this stage might resemble a peneplain. Finally,
the streams might sink themselves below the hard forma-
tion and develop valleys at levels below the structural plain.
However, it seems difficult to conceive that, even under the
most favorable circumstances, intermediate plains of wide
extent could be formed in this way. Rock terraces might
be so formed, but hardly plains which spread across divides
from valley to valley. Such structural plains, also, should
be parallel with rock structure and evervwhere located on
rocks more resistant than their surroundings.

i
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Intermediate plains might be remnants of a plain of
marine erosion, but the erosion remnants above it should
be isle-like and its surface should contain marine deposits.
Obviously no intermediate plain of great extent could be
an original marine plain of deposition. Neither is it clear
that the remnants of an intermediate plain could be the sur-
face of a series of cuestas formed in a single cycle. If a
rough topography were developed by streams and then the
lowlands were filled, but not to the level of the summit
areas, by glacial material or lava flows having a flat sur-
face, streams might so dissect the glacial or volcanic fill as
to leave remnants of an intermediate plain which would
not record more than one cycle of erosion, in the usual sense
at least.

Fluvial Deposits on Uplands

Where stream deposits are found occupying topographic
positions distinetly above present stream beds, whether
they lie on summit areas or areas of intermediate plain, on
divides or on slopes above drainage, there is evidence that
streams which once deposited, ceased depositing and began
to degrade. As old streams most commonly aggrade and
voung streams degrade their beds, there is suggestion in
such relations of deposits to stream beds, that the streams
were once old and deposited and became young again, carv-
ing out the valleys below the levels of the deposits. That
is, such a relationship suggests that the land was uplifted
after some portions at least had been brought to grade and
that more than one erosion cycle was involved in the history
of the topography in which such relationship exists.

In case of upland or intermediate plains due to structure,
streams flowing from soft material to the hard rock which
forms the plain may be held at temporary grade on the soft
material while degradation of the hard rock is in progress,
and might deposit on the upstream side of the hard rock.
Later in the same erosion cycle, when the hard formation
has been cut through, the streams might cut down, leaving
the deposits on the structural plain. It is hardly conceiv-
able, however, that deposits which have had such histories
would be found widely spread over upland surfaces.
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It is possible for a stream not at grade to deposit, to
shift its course slightly, and to sink its channel deeper,
leaving its deposits in small areas as pockets or patches on
upper slopes. Small patches of fluvial gravel or sand found
on slopes above present drainage might be explained in this
way, but thick fluvial deposits spread widely over upland
flats could not be so explained.

The application of this point is also limited by the diffi-
culty in distinguishing fluvial deposits from marine or
eolian or glacial or lacustrine deposits, especially after long
exposure.

Undoubted fluvial deposits spread widely over upland sur-
faces would disprove that those surfaces represent plains of
marine deposition or of marine erosion or are merely the
tops of cuestas. They would almost or quite disprove the
structural hypothesis for the origin of the upland plain on
which they lie. Therefore, they constitute strong evidence
of more than one cycle of erosion.

Combinations

If the analysis of each of the evidences of more than one
cycle of erosion has been followed up to this point, it is
clear that no one of these evidences, in the abstract and
taken alone, can be said to prove more than one cycle in
the erosional history of a region. However, the study of
concrete cases of individual points may yield such proof.
Some of the evidences usually assigned merely suggest more
than one cycle of erosion if taken abstractly, but become
strong evidence when properly restricted by the elimination
of other possible interpretations. Others are strong evi-
dence in the abstract, and amount to proof if properly ap-
plied and limited. The relative values of these evidences
are summed up in the accompanying table.

Interrupted profile and stream terraces could hardly
amount to more than a suggestion of more than one cycle
of erosion unless all other possible interpretations had been
eliminated by careful study in the field.

So nearly impossible is it to distinguish the meanders of
old age from other crooks in streams that intrenched mean-
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ders afford no more than a suggestion of more than one
cycle. Associated sets of straight and crooked streams, on
the other hand, are strong evidence of more than one cycle.

TABLE SHOWING THE RELATIVE VALUES OF THE VARIOUS EVIDENCES OF
MORE THAN ONE CYCLE OF EROSION IN REGIONS

No. Name [ Proof |St:¥ﬁﬁ_E;idence |_Mcre Sug‘HEﬁti{;I_I
1 Interrupted Profile | | Xy | X
2 Stream Terraces ! i | X
3 Intrenched Meanders | | | X
4 Associated Sets of Straight |

and Crooked Streams | X
5 Antecedent Streams x| X ] B 44
6 Wlndgaps | | X? X
7 Even-crested Summit Areas | 1 X | X
8 Intermediate Plains SRR X l
9 Fluvml Deposits on Uplands | X7 | X ]

Those antecedent streams which can be proven to have gone
to the final stage of stream adjustment and are not now in
adjustment prove more than one cycle of erosion; any ante-
cedent stream, except one in which warping has followed
establishment of the stream course or one which is due to
superimposition, is strong evidence of more than one cycle.
Windgaps made by the abandonment of watergaps in the
changing of streams from antecedent to adjusted courses
form strong evidence and other windgaps merely suggest
more than one cycle. Especially even-crested summit areas
in regions of folded strata, are good evidences of more than
one cycle of erosion, but from these ideal conditions the
value deteriorates almost to zero in regions of horizontal
strata or where accordance of summit areas is more im-
aginary than real. It is believed that carefully investigated
intermediate plains may prove more than one cycle and
that any intermediate plain of wide extent is strong evi-
dence. Fluvial deposits either on intermediate plains or on
summit areas might prove more than one cycle under cer-
tain conditions and would be valuable evidence in any case.
It is to be noted that most of the abstract evidences have

more weight in regions of folded strata than where strata
are horizontal.
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But the investigator must depend upon certain combina-
tions of the various evidences, rather than upon single
points, if he is to prove or disprove that given regions have
suffered more than one cycle of erosion. It is unlikely that
a surface which has been peneplained and then uplifted
relative to the sea would show only one of the evidences of
having had such a history. The sequence of events which
involves two erosion cycles, and which gives rise to one of
these lines of evidence, may give rise to all. If a region
shows only one of these evidences the value of that one
should be discounted because none of the others is shown.
On the other hand a combination of several of these evi-
dences in a region furnishes a progression toward definite
conclusions which is geometrical rather than arithmetical.

Referring again to the table above, Nos. 5, 8 and 9, all
found together in a region, even without special analysis,
would come near to proving more than one erosion eycle in
the history of the surface, and if properly analyzed the com-
bination might prove such a history beyond the possibility
of a doubt. Similarly, proof might be obtained through the
combinations of Nos. 4, 7 and 9; or Nos. 5, 6 and &8; or
Nos. 4, 5 and 7; or perhaps by a combination of 8 and 9,
or b and 7. Combinations of 4 and 8, 7 and 9, 4 and 6, or
1, 4 and 7 might under certain topographic conditions af-
ford strong evidence or even proof. Even Nos. 1 and 2
combined might under certain circumstances be strong
evidence of more than one cycle.

It therefore seems clear that by distinguishing these
various features in the topographies of regions, by the
proper analysis of their possibilities and limitations under
existing conditions, and by certain combinations, it is pos-
sible to determine that (1) regions have certainly suffered
more than one cycle of erosion, or that (2) they have prob-
ably suffered more than one cycle, or that (3) they have
possibly suffered more than one cycle. If careful study of
a topography reveals no one of these evidences, or if it re-
veals only one or two whose origin after analysis is found
not to involve more than one cyele, it could be concluded
that (4) the surface has probably not been eroded in more
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than one cycle. There would be cases where it would be
entirely impossible to demonstrate that (5) the surface had
certainly not been eroded in more than one cycle.

If the deposits laid in a near-by sea during the erosional
history of a land surface are available for study, evidence
of more than one c¢ycle of erosion on the land might be
found in them. If a series of formations graded upward
from conglomerate at the base through sandstone, shale,
and limestone to another conglomerate, it would seem that
the lower series including coarse, medium, and fine materi-
als would correspond respectively with youth, maturity and
old age of an erosion cycle on the land and that the upper
conglomerate would record an uplift of the land and the
inauguration of a youthful stage of a second cycle.

However, such gradations in marine sediments might be
due to gradually changing climates, changing depth of
water without affecting land and sea relations, or slightly
rigrating shorelines which do not materially effect the
height of land relative to sea.

Alternation of sediments might be used to good advantage
in some cases to check the topographic evidences of erosion
cycles. Ior instance, the Cretaceous and Tertiary deposits
of the Atlantic Coastal Plain should and do, at least rough-
ly, check in this way the erosional history of the Appala-
chian mountains as stated by Willis, Hayes and Campbell,
and Davis. Similarly it is believed that the Tertiary and
Quaternary deposits of the Gulf Coastal Plain of Texas will
help in interpreting the erosional history of the Cordillera.

MORE THAN TWO CYCLES

When it has been demonstrated that the erosional history
of a given surface has involved more than one cycle, the
question of the number of cycles arises. Theoretically the
number of erosion cycles in a region is limited only by the
length of time during which the surface has been subjected
to fluvial processes and the frequency of positive diastrophic
movements: during that time. So far as geologic time and
the frequency of land-forming diastrophic movements may
be conjectured, there is no known limit to the number of
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cycles which might have effected a topography. Such
regions as the Piedmont Plateau or portions of the Lauren-
tian Shield, which are thought to have been land since the
beginning of the Cambrain period, have probably been
peneplained and uplifted many times, although the detec-
tion of so large a number of cycles would be extremely
difficult, if not impossible. On the other extreme, surfaces
fashioned by the Wisconsin ice sheet have probably nowhere
been eroded in more than one cycle, so short has been the
time since the retreat of the ice.

The number of cycles of erosion which has affected a
oiven region is to be determined by the number of sets of
evidences of more than one cycle. For instance, in the
Appalachian mountains, even-crested summit areas, ante-
cedent streams, windgaps, intrenched meanders, associated
sets of straight and crooked streams, intermediate plains
and fluvial deposits on uplands, all are in evidence, and the
combination proves more than one cycle of erosion in the
history of the region. Obviously, even-crested summit areas
which are the remnants of an old peneplain, and an inter-
mediate plain representing an old peneplain, cannot belong
to the same set of evidences if they both occur in the same
region. Most of the antecedent streams and some of the
windeaps of the Appalachian region belong with the set of
evidences represented by the even-crested summit areas,
and most of the intrenched meanders and associated sets of
straight and crooked streams, and all of the fluvial deposits
are clearly correlated with the intermediate plain. There
seem to be two sets of intrenched meanders and two sets of
antecedent streams, one set of each related to the upper
plain and the other set to the intermediate plain. Thus, the
older set of evidences includes even-crested summit areas,
antecedent streams, windgaps and intrenched meanders,
and the younger set consists of intermediate plain, fluvial
deposits on divides, intrenched meanders, associated sets of
straight and crooked streams, antecedent streams and wind-
gaps. Each of these sets includes the proper combination
of evidences to prove more than one cycle, hence it is con-
cluded that the region is now in its third eycle, the first set
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of evidences being proof of the first cycle, the second set
proving that there was a second cycle carried to a late
stage. The evidence of the beginning of the third and
present cycle is found in the fact that the second set of
evidences is related to a surface distinctly above the present
streams. There are certain terrace-like features between
the summit areas and the intermediate plain which suggest
an additional cycle between the first and second, but as
these benches have been proven to be structural and as
there are no other evidences in the set, it is concluded that
the mountains are in the third, rather than the fourth cycle.

The method of procedure then, in determining the number
of distinguishable eycles which have been involved in the
erosional history of a region is as follows: (1) Determine
how many of the evidences of more than one cycle of ero-
sion the topography exhibits; (2) sort these evidences into
the proper number of sets; (3) conclude that the total num-
ber of distinguishable cycles is the number of sets of evi-
dences plus one. The degree of certainty with which the
number of cycles is determined depends upon the certainty
with which the various sets of evidences record the in-
dividual cycles.

THE DETERMINATION OF DIASTROPHIC EVENTS

Because diastrophism is involved in the formation and
renewal of lands, the interpretation of the history of land
surfaces includes also the diastrophic history.

The Number of Movements

In regions in which the land surfaces were originally
formed by diastrophism the number of positive diastrophic
movements is the same as the number of cycles of erosion.
For instance, the Appalachian mountains were formed first
by folding; this is movement No. 1. Movement No. 2 in-
terrupted the first erosion cycle and inaugurated the second
cycle ; movement No. 3 started the third cycle. The region
has suffered parts of three erosion cycles and there have
been three upward diastrophic movements.

Some surfaces, such as those formed by glaciation, by
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lava flows, or by the draining of lakes, have no genetic rela-
tion with diastrophism. On such surfaces the number of
diastrophic movements is one less than the total number of
cycles.

The Nature of Movements

Not only the number but the nature of diastrophic move-
ments should be determinable in an interpretation of the
erosional history of a region. There are several possible
cases: (1) uniform uplift of the whole surface; (2) uplift
with tilting; (3) uplift with warping; (4) uplift with fault-
ing; (5) subsidence of the surface, with the four possible
phases as outlined for uplift.

Uniform Uplift: 1f a peneplain were formed and then
uplifted uniformly, there would be a change in altitude but
not in attitude. If the general slope of an old erosion sur-
face, be its remnants on the summits or at intermediate
levels in a topography, is approximately the same in direc-
tion and amount as the slopes of other graded erosional sur-
faces in the region, the inference would be that the uplift
had been uniform. The difficulty with this point lies 1n
the fact that no old erosion surface is perfectly flat, and it
is difficult to determine whether consecutive graded surfaces
are parallel. Also a graded plain might be uplifted uniform-
ly and yet not be parallel with a younger peneplain if the
streams had higher or lower gradients at the close of the
second cycle than at the close of the first.

However, if a peneplain represented by even-crested sum-
mit areas is practically parallel with an intermediate plain,
and with present valley flats on which streams are at grade,
the conclusion would be warranted that both the uplift
which inaugurated the second cycle and the uplift starting
the third cycle were practically uniform.

Uplift with Tilting: If a raised and partly dissected
surface which was once a peneplain has a generally uni-
form slope throughout a given region, but is not parallel
with an intermediate peneplain or with graded streams be-
low it, either because its angle or direction of slope is dif-
ferent, the conditions suggest that the uplift which in-
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augurated the dissection of the upper plain was accom-
panied by tilting. If an upland peneplain and an inter-
mediate peneplain are essentially parallel, but are not
parallel with an existing and undissected peneplain, the up-
lift which started the second cycle was probably uniform
and the movement starting the third cycle was a tilting
movement. The best evidence of tilting in the renewal of
lands by diastrophism is a lack of parallelism between uni-
formly-sloping, consecutive, graded, erosion surfaces.

As in most rules, there are limitations in the application
of this one. Lack of parallelism between consecutive ero-
sion surfaces, provided it is a matter of amount rather than
direction of slope, may be due to difference in the oradients
of final grades of the drainage system under different con-
ditions at different times. At the close of a first cycle the
streams may have been small and carrying heavy loads,
with resulting high gradients and a relatively steeply slop-
ing peneplain. The uplift may have been uniform, but n
{he second cycle larger streams carrying lighter loads may
have developed gradients lower than those of the first cycle,
and the two erosion surfaces would diverge upstream. By
the reversal of the sequence, two peneplains might be
caused to converge upstream, without tilting.

Even differences in the direction of slope of two pene-
plains in a region might be obtained without tilting, if con-
ditions of structure, proximity to the sea or climate were
so changed, during uplift, as to cause reversal or diversion
of drainage in the second cycle.

It is probable that these exceptions might lead to con-
clusions that tilting has taken place where it has not in
some cases, and that tilting has not taken place where it
has in others. Perhaps only the more pronounced cases of
tilting can be distinguished by this method.

Uplift with Warping: Warping during uplift of a plane
orosion surface would result in an irregular obliquity be-
tween this surface and lower peneplains. The two erosion
surfaces would converge and diverge in many directions
and at many angles. In a region where such obliquity ex-
ists between a summit plain and an intermediate plain, but
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with the intermediate plain parallel with an undissected
peneplain or with graded streams, the first recorded move-
ment seems to have involved warping and the second up-
lift was uniform. If the upper plain and the intermediate
plain are parallel, but with irregular obliquity related to
present graded streams, the first movement was uniform
and the second one was accompanied by warping.

This method of interpretation lacks much of being de-
cisive. In the first place the warping or folding of an ero-
sion surface destroys accordance of levels and makes it ex-
tremely difficult to decide whether the surface was once
smooth and has been warped, or whether it was never
smooth. In the latter case there would be little evidence
that there has ever been more than one erosion cycle. The
warping of a surface is likely to destroy evidence that there
has been any moveemnt at all. There would have to be some
evidence beyond the accordance of levels to prove that the
surface actually was a peneplain. However, such evidence
might consist in fluvial deposits on remnants of the warped
surface, or in antecedent streams cutting across the folds
of the surface.

Another difficulty with the interpretation of warping
movements grows out of the fact that no erosion surfaces
are altogether flat and that there is therefore an irregular
obliquity between two consecutive surfaces whether warp-
ing has taken place or not. However, departures from
parallelism due to erosional irregularities in the surface
would show themselves in topographic details and those
due to warping would be more general ; that is, they would
be differences between averages rather than between speci-
fic points. Careful study of the valleys cut in the old ero-
sion surface during the next eycle should also aid in de-
termining whether the irregular lack of parallelism is due
to warping or to erosional irregularities. If the valleys
vary in depth or width or stage of development from
point to point warping could be called in to explain such
variations.

After all probably the best evidence of warping of pene-
plains is found when it is determined that the individual
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peneplain reconstructed varies in altitude above sea, that
it has on its surface stream deposits distributed without
reference to the variations in altitude, that the variations
are due to flexures rather than to erosional irregularities,
and that streams have antecedent courses at right angles
or oblique to the flexures.

Warping may have occurred in regions where there 1S
no evidence of movement of any kind. There may also be
suggestions of warping where uplift was uniform. There
are doubtless regions, however, such as the Appalachian
mountains, where warping movements have taken place and
where, by application of the principles outlined above, ~uch
movements can be proven to have taken place. These prin-
ciples, therefore, are usable, but their use is attended with
difficulty and may result in uncertainty.

Uplift with Faulting: One of the best known illustra-
tions of a cycle of erosion having been interrupted by
faulting is found in the mountains and valleys of eastern
California. Here an ancient erosion surface which 1is
characterized by mid-Tertiary stream gravels which lie on
the remnants of the old surface in many places, slopes up
from low levels on the west flanks of the Sierras and reaches
altitudes of more than 14,000 feet at the crest of the range
where it is broken by the great fault whose scarp forms the
cast slope of the mountains. East of this line the surface
seems to be buried under the late Tertiary and Pleistocene
sediments of Owens Valley below altitudes of 2,000 feet.
The surface and its gravel deposits appear again in the
Inyo mountains east of Owens Valley, reaching altitudes
close to 10,000 feet, where the surface is broken by another
fault on the east side of these mountains. The evidence of
faulting in this case is a series of tilted blocks, each one of
the series being sharply set off from the adjacent one by a
fault scarp.

It seems that cases of uplift with faulting could be cer-
tainly interpreted only where the old erosion surface is dis-
tinguishable in spite of great relief within short distances,
where the separate blocks are distinet and where differences
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in altitude of the surface are too abrupt to be accounted for
on the basis of warping.

Subsidence: 1t is a quibble whether or not the sub-
sidence of a surface starts a new cycle of erosion. .How-
ever, the study of the erosion cycles in a region may yield
evidence of subsidence. If it can be proven that all the
graded streams of a region have their beds at levels far
above beds which they previously occupied, it seems most
likely that the surface of the region has subsided. If the
establishment of grades below previous grades indicates up-
lift, the establishment of new flood plains above previous
erosional surfaces is an equally strong indication of sub-
sidence. If uplift raises a previously graded surface above
grade, subsidence lowers valley bottoms below the level of
grade.

This principle seems to be illustrated in the upper Mis-
sissippi valley region, where the Mississippi river and its
main tributaries are at grade 100 feet or more above the
bedrock beneath. The fills in this region consist of glacial
and fluvio-glacial drift. It seems likely that the surface
subsided after the deep valleys were cut.

Another possible interpretation is that the streams were
not so heavily loaded before the filling as now, or were
larger then than now, and consequently were able to reduce
their valleys to a lower depth limit in relation to the Gulf
of Mexico than is possible now.

By the application of the principles outlined above for
uplift, it might be determined whether subsidence was uni-
ferm or was accompanied by tilting, warping or faulting.

The Amount of Movement

The interpretation of erosional histories furnishes some
basis for determination of the amount of each diastrophic
movement. Streams which have reached their depth limits
in a first cycle of erosion may degrade their beds below
these old graded levels in the second eycle by approximate-
ly the amount of the uplift which rejuvenated them. The
difference in altitude between two consecutive graded sur-
faces, therefore, is roughly the measure of the amount of
the uplift which interrupted the one cycle and started the
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other. In a region in which there is a summit peneplain
at 2,000 feet, an intermediate peneplain at 1,000 feet and
graded flats at 500 feet, it could be inferred that there had
been an uplift of approximately 1,000 feet, and a second
one of about 500 feet.

This method of interpretation seems simple enough but
its application to field conditions involves possibilities of
error. Differences in altitude between remnants of con-
secutive graded plains vary from point to point in any
region, (1) if uplift was accompanied by tilting, warping,
or faulting, (2) if either surface was irregular, (3) if final
grades differed because of changes in volume or load of the
streams. These being common conditions, it seems pos-
sible to get accurate figures on the amount of uplift for
individual districts only, and even this is subject to error.
For whole regions, only approximate averages are possible.

THE DETERMINATION OF DATES

The complete history of a surface involves dates as well
as events and sequences. Various criteria have been used
for the determination of the geologic dates of the various
events in the histories of land surfaces. Some of these
criteria are readily applicable and accurate if properly ap-
plied. Others are not so valuable. The problem involves
the ages of old erosion surfaces, the dates of diastrophic
movements, the duration of time involved in erosion cycles,
ete.

The Age of Old Erosion Surfaces

It has been customary in designating the ages of raised
peneplains to refer to the date at which the plain was com-
pleted and still intact rather than the whole time during
which it was in process of formation. For instance, the
Kittatinney peneplain il the northern Appalachians is re-
ferred to as the Cretaceous plain, not because its formation
was accomplished during the Cretaceous period only, but
because it was believed to have been completed during that
period. The cycle during which it was formed was prob-
ably inaugurated long before the Cretaceous. Although
this departs in a way from the usage of time terms in rela-
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tion to rock formations, with this statement, the writer con-
siders it best to continue the custom.

Various methods may be used in determining the periods
or epochs to which certain raised peneplains belong, the
method used depending upon the conditions existing in the
region under investigation. Some of these methods are
here mentioned: (1) Any graded erosion surface is
younger than the youngest formation which it cuts, and
(2) younger than any structure it bevels. The youngest
system forming the oldest peneplain surface in the Appa-
lachian mountains is the Pennsylvanian, and the folds and
faults across which the surface is developed took place in
the Permian. The peneplain is therefore not only post-
Pennsylvanian, but is post-Permian. (3) An old erosion
surface is younger than any formation of which there are
distinguishable fragments or fossils in fluvial deposits on
the surface. This is illustrated in the Driftless Area where
stream gravels containing chert pebbles and fossils of
Niagaran age lie on divides where the uppermost rock is
pre-Niagaran; the divides must be remnants of a surface
which is at least younger than mid-Silurian. (4) Pene-
plains are contemporaneous with fluvial deposits which lie
on them, (5) contemporaneous with or older than other
terrestrial deposits lying on them, and (6) older than
marine formations lying on them. Peneplains are (7) old-
er than valleys which have been cut below them. An old
peneplain is (8) younger than rocks forming erosion rem-
nants above the plain and (9) older than deposits in valleys
below it. A peneplain is (10) younger than any adjacent
peneplain which stands at a higher level and (11) older
than any lower adjacent graded plain. In the case where
subsidence has taken place and streams have been caused
to develop grades at levels higher than was possible before
subsidence occurred, points (10) and (11) would be re-
versed. The higher of two graded surfaces in this case
would be the younger. The lower one would be buried and
would only in the rarest case be distinguishable. (12) If
an erosion surface has been uplifted by tilting, warping,
folding or faulting, and there are deposits which have not
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been disturbed, the surface is older than those deposits.
(13) A less accurate method has been used in determining
the ages of old erosion surfaces. It has been concluded
that a given peneplain is Cretaceous because it 1s known to
be post-Triassic, and because its formation is assumed to
have required all the Jurassic, Comanchean, and Cretaceous
periods. Or it might be stated that a peneplain is of Eocene
age because Pliocene deposits lie in valleys below it and 1t
would have taken the Oligocene and Miocene periods to cut
the valleys. The inaccuracy in such criteria is due to the
varying rates of degradation by streams under varying
conditions and to a general lack of knowledge of the dura-
tion of the various geologic periods.

Not all of the above-mentioned means of determining the
ages of raised peneplains are likely to be applicable 1in any
one region, but it seems that among so large a number of
possible criteria, enough would be usable to lead to con-
clusions giving at least the approximate age of an old ero-
sion surface.

Once the age of an upland plain is established it may be-
come a valuable horizon marker by which the ages of
associated topographies and deposits and structures may
be determined. If a peneplain known to be of mid-Eocene
age is uplifted uniformly and partly dissected, all topogra-
phies and deposits which lie above it are early Eocene or
pre-Eocene and all topographies and deposits lying strati-
graphically below it are late Eocene or post-Eocene. Simi-
larly, structures which the plain bevels are pre-Eocene and
structures in which the surface of the plain itself is in-
volved are late Eocene or post-Eocene.

The extreme care with which all these points should be
used and the difficulties in the way of accurate interpreta-
tion are emphasized in the discussion among Umpleby, At-
wood, Blackwelder and Rich, references to which were giv-
en on page 3.

The Dates of Movement
The dates of diastrophic movements in the erosional his-
tories of surfaces can be determined in a general way at
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least from the ages of the different erosional surfaces. For
instance, if it has been proven that an upland peneplain in
a given district is Cretaceous in age and there is an inter-
mediate plain below it which is Eocene, it is a short and
simple step to the conclusion that the uplift of the upper
plain took place at or near the close of the Cretaceous
period. But if two consecutive erosion surfaces are more
widely different in age, as late Cretaceous and early Pleis-
tocene, the uplift of the Cretaceous plain may have taken
place at any time between the two periods; that is at the
end of the Cretaceous, or during or at the end of the
Eocene, Oligocene, Miocene or Pliocene.

In such cases as the last the student is likely to fall back
on an estimate of the amount of time it must have taken
to produce the second plain after the uplift of the first. If
it seems that it would have required the Miocene and Pli-
ocene periods to produce the lower plain, it might be as-
sumed that the uplift took place at the end of the Oligocenc,
but this assumption would not be without possibility of
serious error. If the conclusion was reached that the up-
lift of the older plain did take place at the close of the
Oligocene, this plain would probably thereafter be called
the Oligocene rather than the Cretaceous plain, for the
period name given it would be that designating the latest
period at which the plain is believed to have been intact.

The conclusion arrived at is that the dates of diastrophic
movement can be told in a general way from the ages of
consecutive erosion surfaces, but that the closer together
the surfaces are in age the more accurately can the date of
the diastrophism be determined.

Duration of Geologic Time

A rough estimate of the duration of certain geologic
periods might be made if the ages of consecutive erosion
surfaces and the dates of uplift are known. For instance,
if an upland plain with remnants at an average altitude of
2,000 feet is of Miocene age and is known to have been up-
lifted at the end of the Miocene period, and if in the same
district there is an intermediate plain of early Pleistocenc
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age at an average altitude of 1,000 feet, the conclusion 1s
warranted that the land was degraded 1,000 feet during the
Pliocene period. If it be assumed that all this degradation
took place at a rate which is average for all lands through
all times and that this average rate is 1 foot in 9,000 years,
the duration of the Pliocene period would be estimated at
9.000,000 yvears. The estimate, of course, would be subject
to large error in each of the two points of the assumption.
However, this method of estimating the duration of geologic
time, duly considered and qualified, might be as accurate
as estimates based on the rate of accumulation of sediments,
the rate of inerease of salinity in the sea, the rate of life
evolution, or the rate of radio-active changes.

CONCLUSION

From the foregoing discussions it seems clear that there
are many rules for determination of the various events in
the erosional histories of regions, that all of them are open
to exception and some of them to serious and frequent ex-
ceptions, that the full interpretation of erosional history is
attended with ereat difficulty, that such interpretation is
safe only after wide areas have been studied closely, and
with all eriteria and limitations in mind, but that on the
whole fairly accurate conclusions may be drawn by the stu-
dent of diligence, persistence and analytic mind.




PART II
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PART II

MESOZOIC AND CENOZOIC HISTORY
OF THE DRIFTLESS AREA

In Part I the various principles involved in the erosional
histories of regions were outlined and each principle was
analyzed, without special reference to any given region.
In Part II it seems possible to summarize and emphasize
the principles discussed in Part I and at the same time to
contribute something to the history of a region in which
much work has been done, on which much has been written,
but concerning which there has been some difference of
opinion.

All who have worked in the Driftless Area within recent
years have noticed that many of the divides within small
districts are roughly accordant in level. Most students of
the region have concluded that the even-topped divides are
remnants of raised peneplains and that more than one cycle
was involved in the erosional history of the surface!. There
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has, however, been disagreement concerning the number of
cycles, and the dates of historical events. Recently, doubt
has been expressed that these upland surfaces represent old
peneplains, and the belief advanced that all the features
of the topography have been forméd in a single erosional
cyele', Most of the papers so far published on this sub-
ject are the results of work done in small and isolated dis-
tricts within the general region. Therefore it is not strange
that agreement has not been reached, and that some of the
conclusions are incorrect. The writer has seen all of the
Driftless Area which lies in Iowa and Illinois and much of
that which lies in Wisconsin and Minnesota, and it now
seems possible to bring together material from which ac-
curate conclusions may be drawn.
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'  ROCK FORMATIONS

The rock formations of the Driftless Area range from
Huronian to Silurian in age. Hard pre-Cambrian quartzite
and igneous rocks outerop in various places in Wisconsin,
as at Baraboo, Wausau, Necedah, and Black River Falls
and appear to underlie Paleozoic sediments throughout the
area. The Paleozoic group consists of Cambrian, Ordovi-
cian, and Silurian formations, the names, thicknesses and
relative resistance of which are shown in the accompany-
ing table. The Decorah shale 1s variable in thickness but

TABLE SHOWING THE ROCK FORMATION OF THE DRIFTLESS AREA

System Formation Kind of Rock '

Thickness Resistance
in feet to erosion

s Niagaran  Cherty dolomite 200 Resistant
SilIEian Alexandrian Tlﬂﬁ;g:&iej U=30 Nonresistant
Maquoketa Shale 100-200 Nonresistant
Galena _  Cherty dolomite 240  Resistant
Decorah Shale 0-30  Nonresistant
Ordovician Platteville Limestone 80 Resistant
St. Peter ~ Sandstone 20-300 Nonresistant
Prairie du Cherty dolomite 0-300 Resistant
Chien
hibs St. Croix Etiigmggg'le“gfci 1000  Nonresistant
e (Potsdam) ;lolun;ite :
s " Quartzite, dolomite, i
Pre- slate, various 5000-} Resistant

Cambrian igneous rocks
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thin in all places, and, lying as it does between two resist-
ant formations, does not affect topography greatly. So far
as their effect on topography is concerned the Platteville
and Galena formations are a unit. The Alexandrian for-
mation varies in thickness and resistance and affects topo-
graphy in such a way as to be inseparable from the Niaga-
ran formation in some places, and from the Maquoketa in
others. There is an unconformity between the St. Peter
and Prairie du Chien formations, which causes both to vary
in thickness, but the sum of their thicknesses is nowhere
{ar from 300 feet'. The Cambrian formations are all weak
but vary slightly in resistance. Devonian and Pennsylva-
nian formations were perhaps deposited over part or all of
the region, but, if so, they have been eroded away. The
erosional history of the present surface started with the
final withdrawal of the Paleozoic seas and continued
through the Mesozoic and Cenozoic eras.

STRUCTURE

Although in most of the Driftless Area the strata dip in
a general southwesterly directi