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PREFACE 

"Geoscience Wisconsin" is a serial that addresses itself to the geology 
of Wisconsin--geology in the broadest sense to include rocks and rocks as 
related to soils, water, climate, environment, and so forth. It is intended 
to present timely information from knowledgeable sources and make it 
accessible with minimal time in review and production to the benefit of 
private citizens, government, scientists, and industry • 

.Man uscripts are invited from scientists in academic, government, and 
industrial fields. Once a manuscript has been reviewed and accepted, the 
authors will submit a revised copy of the paper, and the Geological and 
Natural History Survey will publish the paper as funds permit, distribute 
copies at nominal cost, and maintain the publication as a part of the Survey 
list of publications. This will help to insure that results of research are 
not lost in the archival systems of large libraries, or lost in the musty 
drawers of an open-file. 

In conjunction with the Seventeenth Annual Meeting of the North-Central 

Section of the Geological Society of America in M adison in late April and 
early May of 198 3 ,  Tim Kemmis and Lee Clayton coordinated a symposium on 
recognition of t ill facies. A round robin excursion to examine the Quaternary 
record of southeastern Wisconsin was organized by Dave Mickelson. The 
proceedings of this multi-faceted symposium include Wisconsin Geological and 
Natural History Survey Field Trip Guide Book Number 7 on the Late Glacial 
History and Environmental Geology of Southeastern Wisconsin, and Geoscience 
Wisconsin Volume 7. David M .  M ickelson of the University of Wisconsin-­
Madison and Lee Clayton of the Wisconsin Geological and Natural History Survey 
coordinated the field excursion and its relations to the seven papers 
presented in this volume, which they edited. 

Preparation of final copy was arranged by David Mickelson through facili­
ties at the Department of Geology and Geophysics, University of Wisconsin-­
Madison . 

Submission of manuscripts relating to Wisconsin geology is encouraged. 
Special consideration will be given papers which deal with timely topics, 
present new ideas, and have regional or statewide implications. 

vi 

M.G. Mudrey, Jr. 
Editor--Geoscience Wisconsin 
Wisconsin Geological and Natural 

History Survey 



FOREWORD 

The late Pleistocene history of southeastern Wisconsin was first studied 
by T.C. Chamberlin and William C. Alden during the late l800s and early 1900s. 
Their pioneering work provided the basis for more detailed studies of recent 
years. The meeting of the North-Central Section of the Geological Society of 
America in the spring of 1983 provided an opportunity to review results of 
some of these recent studies. This volume, which was distributed in 
preliminary form at the meeting, contains seven papers on the Pleistocene 
geology of southeastern Wisconsin. Ardith K. Hansel, N.P. Lasca, E.A. Need, 
and Allan F. Schneider, in four separate papers, describe the stratigraphy of 
till and associated deposits. Allan F. Schneider and Leon R. Follmer describe 
an occurrence of the Sangamon soil. Scott D. Stanford outlines his recent 
work on drumlins, and Christopher S. Peters discusses present-day erosion of 
the Lake Michigan bluffs. 

A companion volume, Field Trip Guide Book 7, Late Glacial History and 
Environmental Geology of Southeastern Wisconsin, was prepared by David M. 
Mickelson, Allan F. Schneider, Scott D. Stanford, Leon R. Folmer, and Norman 
P. Lasca. The Guide Book, which is published by the Wisconsin GeOlogical and 
Natural History Survey, contains detailed descriptions of outcrops that illus­
trate points discussed in the following pages. 

David M. Mickelsonl 

2 Lee Clayton 

Volume 7 ·Co-editors 

Geoscience Wisconsin 

1 Department of Geology and Geophysics, University of Wisconsin--Madison, 
Madison, Wisconsin 

2 
Wisconsin Geological and Natural History Survey, University of Wisconsin--
Extension, Madison, Wisconsin 

vii 
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THE WADSWORTH TILL MEMBER OF ILLINOIS AND THE 
EQUIVALENT OAK CREEK FORMATION OF WISCONSIN 

Ard i th K. Hansel 
Illinois State Geological Survey 

Champaign , Illino i s  61820 

ABSTRACT 

The lVadsworth Til l  Member of the 
Hedron Forma tion is the younge s t  till 

unit in Illino i s  and was depo si t ed 
during the last advance of the Lake 
Nichigan Lobe to reach the southern 
part of the lake bas i n .  The equivalent 
unit in Hiscons in is called the Oak 
Creek Format ion (Mickelson and others , 
1983) • * Around the southern margin of 
the lake the l1adsworth t i l l  is found at 
the surface in the Valparai s o ,  Tinley, 
and Lake Border Moraine s .  In the sub­
surface it lies beneath the Lake Chica­
go plain and beneath nontill  sediments 
under Lake Michigan. The compos i t ion 
and texture of the gray , clayey i l l i  t i c  
1,adswo rth t i l l  reflects incorporat ion 
of Paleozoic rock and lacust rine sedi­
ment from the Lake Michigan basin. 
Variation in compos i t ion is present in 
vertlcal pro file and in lateral distri­
but i on .  '\.]hereas some variation i s  
c learly associated with separate depo­
s i t ional events (Valparaiso and Lake 
Border), other variat ion appears to 
reflect differences in length of flow 
path in the l.ake Michigan bas i n .  On 
the bas i s  of the available dat a  in the 
s tudy area , the \,adswo r th t i l l  is a 
c lea rly dist inguishable stratigraphic 
u n i t  that can be subdivided further on 
textural and compos i tional characteris­
t ics related to geographic and strati­
graphic pos i t ions� 

INTRODUCTION 

The tradition of Ple i s t ocene stra­
t ig raphy in Illino i s  has been to dis­
t inguish rock-stratigraphic uni t s  by 

thei r  physical characteristics and 
s tratigraphic pos i t ion . Many t i l l  
unit s ,  including the lVadsworth Till  
Member of the Wedron Forma t i o n ,  first 

became a part of the stratigraphic no­
menclature in 1970 when Willman and 
Frye presented their clas s i ficat ion 
s cheme for Qua ternary depost i s  in 
Pleistocene Stratigraphy o f  I llinois. 
At that time lVillman and Frye saw no 
need to define groups consi s t ing of  
s everal forma t ions , but they recogni zed 
( p .  45) that future work might dist in­
guish addi tional subdivisions and 
groupings . 

At the present time , Quaternary re­
s earchers in Illinois are consider ing 
further revision of the Wedron Forma­
t ion based on material characterist ics. 
As presently defined , the Hedron Forma­
t ion cons i s t s  of those depo s i ts of till  
and outwash that extend upward from the 
contact wi th the top of the Horton 
1.0es s  to the top of the till below the 
Two Creeks depo s i t s  in �iisconsi n ,  
thereby including all till  depos i ts of 
Woodfordian age . Among the revisions 
being considered are (1) elevation of 
the lVedron in rank to group status , (2) 
d i f ferent iation o f  formations within 
the group , and (3) differentiation of 
members within these format ions wher­
ever there i s  a lithologic bas i s  to do 
s o .  These revisions have been proposed 
because the American Code of Strati­
graphic Nomenclature recognizes the 
forma t ion as the working field uni t  and 
the Wedron Format ion is not a working 
f ield unit in thi s  sens e .  Instead , the 
working field uni t s  in northeastern Il­
l inois are d i s tinguished within the 

* T-") dvoid unneces sary use of names and to reduce confusion , Wadsworth till  i s  
(lsed in this paper t o  include the same unit in lVi s consin (Oak Creek Format ion) 
�Elles s  reference is made specifically to the Wisconsin unit 0 



\,edron Formation at the member rank 
(the Tiskilwa , Malden, Yorkville , Hae­
ger , and Wadsworth Till Member s ) .  Ele­
vating these till members to format ion 
rank would be in compliance with the 
Code guidelines and would at the same 
t ime allow for more flexibility at low­
er levels of cla s s i fication. 

Inasmuch as the Hadsworth till was 
originally defined as a member of the 
Fedron , an evaluation of i t s  appropri­
a teness as a formation in the proposed 
group is required. At least two clay­
mineral subdivisions within the Wads­
worth till have been recognized and it 
is import:lnt to decide whether or not 
these_ clay-mineral subd ivis i ons are ac­
companied by other lithostratigraphic 
parameters and therefore merit distinc­
tion as separate members of the Fads­
worth unt t .  The present research was 
init.iated in order to respond to such 
ques tions and to improve understanding 
of the deglaciation history of ret reat­
ing Hoodfordian ice in the Lake Michi­
gan basin. 

The primary objectives of the paper 
are to ( 1 )  evaluate the status of the 
\"ad sworth till in the rock-stratigraph­
i c  hierarchy of Illino i s , ( 2 )  determine 
prospects for i t s  subdivision , and ( 3 )  
d iscuss the genes i s  and deposi tional 
h i s t ory of the unit. The study area 
does not include the ent ire extent of 
the Hadsworth t i l l ; it covers only 
northern Illinois and southern Wiscon­
sin as sho"m in figure 1 .  

METHODS AND DATA 

Sample da ta were obtained from ap­
proximately 75 water-well and 60 test­
boring sites . Samples collected from 
surface exposures and the lake bluffs 
in T..Jisconsin and Illinois were another 
important data source .  Other samples 
used in thi s  study were contributed by 
A. F. Schneider and D. M .  Mickelson. 

2 
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FIGURE l.--Study area and surficial 
t i ll unit s  in eastern Wisconsin and 
northeas tern Illino i s . (Hadsworth 
Till Member of Illinois equivalent to 
the Oak Creek Format ion of Wiscons in;  
Haeger Till Member to the New Berlin 
Forma t ion;  Mani t owoc Till Member to 
part of the Kewaunee Forma tion.) 
( Study area stippled.) 



Sanples were described and analyzed 
for texture and clay-mineral composi­
tion� Textural analysis was determined 
by R. Bianchini of the Illinois State 
Geological Survey ( ISGS ) , who used 
s i eve and hydrometer methods to frac­
tionate and determine the weight per­
centage of gravel (larger than 2 . 00 mm) 
in the whole sample and the weight per­
centages of sand ( 0 . 06 2  to 2 . 00 mm), 
silt (0.004 to 0 . 062 mm), and clay 
( smaller than 0 . 004 mm) in the matrix 
( s maller than 2 . 00 mm). 

Clay mineral identification was 
done by H. D .  Glass ( ISGS) from x-ray 
d i ffraction data by using oriented ag­
gregate techniques on the smaller-than-
0 . 002 mm materia l .  The clay minerals 
are separated into three groups , and 
the percentages of each group are cal­
culated using peak height intens i t ies . 
The percentage of illite was used to 
demonstrate variab i lity in clay-mineral 
content. The calculated value repre­
sents a relative index of the amo'unt of 
illite present . Although relative , the 
percentage serves as a sensit ive mea­
sure for discriminating change in clay 
composi tion . Other characteristics of 
the clay-mineral diffraction analyses 
were also used to help evaluat e  the 
c lay-mineral composi tion of weathered 
samples. 

HISTORY OF THE INVESTIGATION 
OF THE \,ADSWORTH TILL 

The distinct morainic character and 
trough-shaped configurat ion of the to­
pography hordering Lake Michigan were 
noted by Chamberlin in 187 8 .  In 1882 
he referred to thes e  deposits as "mo­
raine of the I,8ke Michigan Glacier." 

Leverett ( 1 899)  was likewis e  impressed 
by the striking parallelism of the mo­
raine configuration to the Lake Michi­
gan shore . On the basis of the topog­
raphy and distribution of the deposits 
around the lake , he differentiated two 
morainic systems : the Valparai s o  and 
the Lake llorder . Alden ' s  detailed work 
( 1904 , 1918)  extended Levere tt ' s  map­
ping of the Valparaiso and Lake llorder 
Norainic Systems into Wisconsin . 
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The glacial depo s i t s  of the mo­
raines in the study area have been de­
scribed by many (Leverett ,  1897, 1899 ; 
Alden , 1904 , 1 9 1 8 ;  Powers and Ekhlaw, 
1 9 4 0 ;  Bretz , 1955;  Willman and Fry e ,  
1 97 0 ;  Willman , 197 1 ;  Lineback and oth­
ers , 1 9 7 4 ;  Mickelson and others, 1 9 7 7 ;  
and Acomb and others , 1982 ) , but it  was 
not until 1970 that the term "Hadsworth 
Till Member" was applied to these de­
posit s .  At that time , Willman and Frye 
d i f ferentiated the Woodfordian moraines 
and their related drif t s  in Illinois 
and , on the bas i s  of observable physi­
cal characteristics , classified materi­
als into rock-stratigraphic uni t s  of 
the \,edron Formation . The exceedingly 
c layey,  gray tills of the Valparaiso 
Morainic System ,  the Tinley Moraine, 
and the T.ake Border Norainic System 
were included in the Wadsworth Till 
Nember of the Wedron Formation . 

In 1974 Linehack and others differ­
entiated four till uni t s  under Lake 
Michigan on the hasis of core sampling 
and seismic profiling. The three old­
e s t  units were assigned to the Hedron 
Formation of the Hoodfordian Suhstage 
and the younge s t  till was assigned to 
an unnamed formation of the Valderan 
Suhstage . The oldest of these units 
was the gray , i1litic Wadsworth Till 
Member found in the southern portion of 
the lake . Two new till memhers were 
defined in the central por tion of the 
lake : the Shorewood Till Nember and the 
Mani towoc Till Member . The post-Two­
creekan Two Rivers Till of Evenson 
( 1973)  was identified in thin patches 
on the lake floor north of Sheboygan. 
Analytical data from x-ray diffraction 
s tudies of clay minerals and carbonates 
provide_d the ha s i s for sepa r ,q  t: i ng these 
t i lls. Their distribution and stratig­
raphy were determined primarily from 
s ei smic profiles . Figure 1 shows the 
distribution of these four tills in the 
west ern part of Lake Michigan . 

Shore erosion studies along Lake 
Michigan in Wisconsin (Mickelson and 
others , 1 9 7 7 )  and Illinois (unpublished 
reports)  have examined the lithology 



and stratigraphy of the materials that 
const itute the lake bluffs . In Wiscon­
s in three pre-Twocreekan t i l l  units 
were differentiated along the Lake 
Hichigan bluf f s :  Unit 1 ,  coarse-tex­
tured bouldery t i l l ; Unit 2 ,  gray, 
c layey till ; and Unit 3 ,  red , clayey 
t i l l .  In some places these uni t s  were 
further suhdivided on the basi s  of 
stratigraphic break s .  The lVadsworth 
t i l l  is the only till unit exposed in 
t he lake hluffs in Illinoi s .  

STRATIGRAPHIC RELATIONS OF THE 
HADSWORTH TILL 

5!:ratigraphic Nomenclature 

The Wadsworth Till !lember of the 
Wedron Formation was named for Wads­
wor t h ,  Lake County, Illinois (Hillman 
and Frye , 1970) . The type section is a 
roadcut exposure at the intersection of 
Illinois Highway 131 and Wadsworth 
Road , 2 miles east of Wadsworth ( fig . 
1). In Wisconsin the equivalent unit 
is being defined as the Oak Creek For­
maUon (Hickelson and others , 1<)83) . 

A stratigraphic column for the 
study area is shown in figure 2 .  Be­
cause the study area includes portions 
of hoth states , both Illinois and Wis­
consin nomenclature are given . The 
p lacement of Units 1 ,  2 ,  and 3 of the 
Wisconsin shore erosion study (Mickel­
son and other s ,  1977) in the rock­
s tratigraphic framework is also indi­
cated . The Illinois nomenclature is 
used in this paper except where refer­
ence is made to units studied by \-1is­
consin researchers . 

Distribution and Topography 

In the southwe stern Lake Hichigan 
area the I-!adsworth till  occurs at the 
surface in the Valparaiso Horainic Sys­
tem ,  the Tinley Moraine , and the Lake 
Border Morainic System, at the surface 
or beneath lacustrine sediment in the 
Lake Chicago plain , and in the subsur-
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face beneath nonti l l  sediment in south­
ern Lake Hichigan ( f i g .  3).  Till sam­
ples that have been analyzed from the 
Valparaiso and Lake Border Moraines 
outside the study area in I l l inoi s , In­
diana , and Mi.chigan are similar in com­
position to samples from the lvadsworth 
Till !lember in the study area . 

I n  1970 Willman and Frye identified 
13 separate morphos tratigraphic units ,  
called "drifts , "  on the hasis of mo­
raines in the area of the Wadsworth 
t i l l  in Illinois . They did not differ­
entiate the Valparaiso Morainic Sys tem 
into separate ridges in Lake and north­
ern Cook Counties , Illinois , where the 
morainic area is about 15 kID wide and 
i s  characterized by numerous knobs , 
kettles , and lakes . To the south where 
lakes are much less common , the Valpa­
raiso Horainic System can be separated 
into seven recognizahle ridges or 
c rests . 

The first moraine younger than the 
Valparaiso Morainic System is the 
Tinley !loraine . It has a hummocky 
surface similar in topography to that 
o f  the Valparaiso but it is only 5 to 7 
km wide . Extending from HisconsIn to 
Indiana , it adjoins the next younger 
morainic system (Lake Rorder) in the 
northern half of the study area. 

The Lake Border Horainic System 
consists of five ridges , each a mile or 
so wide , that rise 10 to 15 m above 
narrow val l eys . The ridges are gener­
ally smooth and lack the hummocky to­
pography characteristic of the Valpa­
raiso and Tinley !loraines .  In the 
vicinity of Chicago the Lake Border Ho­
raines are buried by lacustrine sed!­
ment of the Lake Chicago plain , an 
exceptionally flat surface that was 
f ormerly the floor of glacial Lake Chi­
cago ( fi g .  3) . In Cook County , Illi­
noi s ,  where the Lake Chicago plain is 
scoured of lake sediment , the Hadsworth 
t i l l  occurs at the surface . 



L ineback and others ( 1 97 4 )  found 
that the Wadsworth till  forms a rela­
t ively smooth surface in the southern 
end of Lake Michigan and is general ly 
overlain by thin gravel and sand . No 
submerged moraines related to the Wads­
worth till  were found . 

Thickness 

The thickness of the Wadsworth till  
.in Illinoi s  ranges from a few meters to 
more than 50 m. The western margin of 
the Wadsworth till  lies east of the Fox 
Lake Moraine , the western margin of the 
area mapped as Valparaiso (undifferen­
t iated) by Hillman and Frye (1970 ) ;  the 
Wadsworth till was not found to extend 

into the Chain O'Lakes lowland ( f i g .  3 
and 4). In the area eas t of the Chain 
O ' Lakes the thickness of the Wadsworth 
t i l l  increases from a few meters to 
more than 45 m in the distance of a fe>? 
kilometers . In the hummocky topography 
of northern Lake County,  lacustrine se­
quences are common and occur in close 
proximity to thick t i l l  sequences . The 
average thickness of the Wadsworth till 
in the Valparaiso Morainic Sys tern of 
Lake and northern Cook Counties, Illi­
noi s ,  is  22  m. 

Average thicknesses of the Hads­
worth til l  in the Lake Border Moraines, 
in the Lake Chicago plain, and beneath 
Lake Michigan have not been estimated 
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hecause of a lack of data . Along the 
lVisconsin portion of the lake bluffs , 
30 m of Wadsworth till and interbedded 
lacustrine sediment has been found .. 
Thicknesses of up to 50 m occur in the 
Lake Border Moraines and up to 23 m in 
the Lake Chicago plain . Up to 18 m of 
Wadsworth till have been reported in 
the southwes t corner of Lake Michigan 
(Lineback and others,  1974) . 

Stratigraphic Position 

In Illinois the Hadsworth till lies 
older Woodfordian tills of the Hedron 
Formation ( fig . 1 and 2 ) . In Hisconsin 
the Ha,1qworth till (Oak Creek Forma­
tion) overlies the Haeger till (New 
Berlin Formation) .  The contact between 
the Oak Creek Formation of the Valpa­
raiso Noraines and the New Berlin For­
mation can he seen in quarry exposures 
in Racine and Haukesha Counties , t.Jis­
cons in ( Mickelson and other s ,  1983) . 
Along the lake hluffs south of Milwau­
kee , the Vladsworth till overlies Unit 1 
of Mickelson and others (197 7 ) , the 
bouldery coarse-textured till they sug­
gest may he correlative with the Haeger 
Till Memher of Illinois . 

In Illinois , Hadsworth till is not 
known to overlie Haeger til l .  Examina­
tion of test-boring and water-well sam­
ples from Lake and Cook Counties failed 
to produce a stratigraphic relationship 
between these tills , but Hadsworth till 
was found to overlie outwash of Haeger 
composition in Cook County. Subsurface 
data show that the I,)adsworth till of 
northeastern Il linois is usually under­
lain by a reddish-gray, silty till con­
taining 70 percent illite that is known 
to occur ahove peat. The silty till 
also occurs above Tiskilwa til l .  Peat 
occurring below Tiskilwa till in north­
ern Cook County is dated at 23 000 ra­
diocarbon B . P .  (Kempton and Gross , 
1971);  hence , the reddish-gray till 

FICTJRE 3 . --Distribution of the Hads­
worth Till Member in the southwestern 
Lake Michigan area . 
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FIGURE 4 . --Typical cross sec tion wes t-east across northern Illino i s .  Line of 
s ect ion (A-A ' )  is shown in figure 3. 

found beneath the Wadsworth till is of 
Hoodfordian age .  Thi s  same till occurs 
in the Chain O' Lakes lowland and be­
neath Haeger till and outwash in McHen­
ry County , Illinois ,  wes t  of the Chain 
O ' Lakes (fig. 4 ) ; it is redder and 
f iner textured than the Haeger t i l l .  
A l  though the reddish-gray , silty till 
i s  thought to be equivalent to older 
Wedron unit s  that occur at the surface 
wes t  and south of the study area (fig . 
1 )  no definite correlation has been es­
tabl:ished . In the southern part of 
this study area the Wadsworth till is 
underlain by either the clayey York­
ville Till Member or the sandy Lemont 
drif t ,  which Bogner (1974) has corre­
lated to the Malden Till Member . 

The stratigraphic relationship of 
the lITadsworth till and the next younger 
t i l l  is not clear . Lineback and others 
(1974) state that the Shorewood Till 
Member overlies the Wadsworth Till Mem­
ber along the mid-lake high in Lake 
Mich igan . This relationship is  based 
on interpretation of a north-south 
seismic profile in which a subsurface 
boundary between the Wadsworth and the 
Shorewood uni t s  can be traced for sev­
eral miles north of a prominent moraine 
front in southern Lake Michigan. No 
samples of the two tills in strati­
graphic pos ition have been recovered 
from the lake . Neither has the Shore-
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wood till been traced on land at the 
surface in Wisconsin (fig . 1 ) . Uni t  2C 
o f  the shore erosion study (fig . 2) oc­
curs at the surface along the bluffs 
south of Milwaukee and has been sug­
gested as a pos s ible equivalent of the 
Shorewood till (Acomb and others , 
1982) ; however , i t  contains more illite 
(usually 70 percent or more) and is  
l es s  red than the Shorewood till (63 
percent illi te) as defined by Lineback 
and others (197 4 ) . In the bluffs north 
of Milwaukee ,  the Oak Creek Formation 
which here has the clay-mineral compo­
s it ion of the Shorewood till , is over­
lain by the red-brown Ozaukee Member of 
the Kewaunee Format ion (Acomb and oth­
ers , 1982 ; Mickelson and others , 1983 ) . 
Surface samples of Wadsworth till from 
the area mapped as Tinley Moraine west 
of Milwaukee are compositionally simi­
lar to the Shorewood till , but the Tin­
ley morainic ridge appears to mark an 
ice margin pos it ion that is clearly 
traceable from Wisconsin to Indian a .  

This discrepancy between the stra­
t i graphy in the lake basin and the 
s tratigraphy on land remains to be re­
solved . The Shorewood till is not con­
s idered a separate uni t  in Wisconsin as 
i t  is in Lake Michigan. Tills of 
Shorewood and .Iadsworth compos i t ion (as 
defined by Lineback and others , 1974) 
have not been found in stratigraphic 
c.ontact .  



Average matrix texture (%) 
Stratigraphic unit 

Sand Silt Clay N 
Average 

Illite ['i) N 

�-----�------�----------------

Shorewood Till. Member 

Il/ickham and others, 1978 

Wadsworth Till Member 

Wickham and others, 1978 
willman and Frye, 1970 

'rhis study
b 

Hapg8r.�ill Member 

Wickham, 1975 
Willman and Frye, 1970 

Yorkville Till Member 

Killey, 1982 

11 
12 
11 

45 
39 

upper (Dwight mineral zone) 10 
lower 

Wickham, 1975 
Willman and Frye, 1970 

Malden Till Member 

Wickham, 1975 
Willman and Frye, 1970 

Tiskilwa Till Member 

"lvickham, 1975 
I'lillman and Frye, 1970 

N = NUMber of samples 
a 

No data 

13 
15 
12 

32 
22 

35 
31 

a 
63 4 

72 15 
38 51 67 
37 51 77 
43 46 98 70 83 

39 16 32 62 35 
39 22 63 

43 47 48 76 49 
43 44 l32 81 141 
42 43 84 77 94 
38 50 78 

46 22 28 76 33 
44 34 7 7  

3 9  26 850 66 918 
37 32 65 

b 
Includes all data from area mapped as Wadsworth Till Member and Oak Creek 
Formation in Figure 1. 

TARLE 1 . --Characteristics  of the Wadsworth and adjacent till  members of the 
Vledron Formation . 

TEXTURE AJID COMPOSITION 

Mean values for texture and clay 
mineral composition for the Vlitdsworth 
t i l l  are given in table 1 .  Typical 
values of these parameters cited by 
other researchers who have studied the 
lvadsworth and adjacent t .ills of the 
Hedron Format ion are also shown . 

The Wadsworth till of  Illinoi s  i s  
characterized by i t s  gray color , clayey 
texture , high illite content (generally 
greater than 70 percent) and low per­
centage of larger-than-2-mm clasts  (av­
erage 3 percent) . It can be disting­
u ished from the "overlying" Shorewood 
t i l l  in Lake Michigan by i t s  higher il­
lite content and grayer color . The 
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Wadsworth till i s  readily differenti­
ated from the adjacent and subjacent 
Haeger till hy its  finer texture and 
grayer color . The clayey Yorkville 
till is very similar to the Wadsworth 
t i l l ;  these tills are not eas ily dis­
t inguishable , but the Hadsworth till is 
sandier at its western margi n .  Al­
though the lower Yorkville till of Kil­
ley ( 1 98 2 )  has more illite (80 percen t ) . 
than the Hadsworth, her upper Yorkville 
(Dwight mineral zone) is nearly identi­
cal in clay mineral compos i tion (76 
percent illite)  to that of  the lower 
part of the Hadsworth. The Malden till 
is generally sandier and more often ox­
i dized than is the Hadsworth Til l ;  the 
T i skilwa has a distinctive red-brown 
color and a sandy texture , and i t  i s  
lower i n  i l l it e .  



Sand (%1 silt (%1 Clay (%1 Illite (%)
a 

Location 
X S N X S N X S N X S N 

Lake Border Moraines 8 3.6 36 43 5.4 36 49 7.0 36 71 2.2 30 
Inner 8 3.7 25 45 4.8 25 47 6.8 25 71 2.2 22 
Outer 7 3.3 11 39 5.0 11 54 4.8 11 71 2.1 8 

Tinley Moraine 8 3.0 21 38 5.3 21 54 6.0 21 74 2.4 24 
Valparaiso Moraine 15 4.2 41 45 3.8 41 40 5.2 41 76 1.9 55 
Lake Chicago plain --b 75 1.4 12 
Lake Michigan 72 0.8 4 

X ;= mean; S � standard deviation; N ;= number of samples 
a 

Data from Ozaukee, Washington and part of Waukesha Counties, Wisconsin, not included 

b No data 

TAllL� 2 . --Characteristics of the Wadsworth Till Member in the Lake Border, 
Tinley , and Valparaiso Moraines , the Lake Chicago plain , and Lake Michigan. 

LATERAL VARIATION 

The character of the Vladsworth till 
of the study area varies along lines 
perpendicular to ice margin positions 
and along lines parallel to ice margin 
pos itions . Both types of variation 
sho,., distinct patterns . Lateral varia­
tions i.n the characteristics of the 
Vladsworth till are reported in table 2 .  

Figure 5 shows lateral variation in 
percentage of nli te in the clay-size 
fraction over the study area . The il­
l ite values are from unoxidized surface 
samples or the unoxidized portions of 
the top till unit from test-boring and 
water-wel l  samples . In Illinois and 
the southern portion of  the Hisconsin 
study area (Kenosha and Racine Coun­
ties), a fairly distinct change in il­
lite content occurs between the Wads­
worth till of the Valparaiso Morainic 
System and the Hadsworth till of the 
Lake llorder Morainic System . The aver­
age illite content in the Valparaiso is 
76 percent whereas the average in the 
T�"ke Border is 7 1  percent . The small 
standard deviations associated with the 
averages (around 2 . 0) (table 2) suggest 
that little overlap in percent illite 
occurs between the tills of the two mo­
rainic systems . The average percent 
illite in the Tinley Moraine is inter­
mediate between the two--in some areas 
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the clay-mineral content is similar to 
that o f  the Valparaiso , in other areas, 
to that of the Lake Border . The Lake 
Chicago plain is underlain by Wads>70rth 
till similar in illite content ( 7 5  per­
cent) to that in the Valparai so Mo­
raines ( 7 6  percent) while that in Lake 
Michigan is lower ( 7 2  percent) and more 
like that of the Lake Border ( 7 1  per­
cent) . 

North of the border between Racine 
and Waukesha Counties in Hisconsin the 
percentage of  illite in samples of 
Hadsworth till from the Valparaiso Mo­
rainic System is less than to the 
south . In Waukesha County the \vads­
worth till appears to thi n ,  and in some 
places the moraine truncates the IVauke­
sha drumlin field ( f i g .  5) . In these 
places the Vladsworth till is lower in 
i l lite and sandier , and thus--where ox­
idized--dificult to differentiate from 
the Haeger (New Berlin) till of the 
drumlin field . 

The till of the Tinley and outer 
Lake Border Moraines becomes redder and 
progressively lower in illite northward 
from the vicinity of south Milwaukee . 
Ill i te in samples ranges from 72  per­
cent in the south to 52 percent to the 
north in Washington County ; such wide 
variation in illite is most uncommon 
within the Wadsworth Till Member and 
other till units in Illinois . 
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Lateral variation can also be noted 
in the texture of the Wadsworth till 
over the study area . Table 2 summariz­
es textural analyses of the till in the 
Valpara i s o ,  Tinley, and Lake Border Mo­
raines . The mean texture of the Wads­
worth till  in the Val paraiso Morainic 
System is sandier ann less clayey than 
that of the Wadsworth till of the Tin­
ley and Lake Border Moraines . The Tin­
ley and ou termos t Lake Border Moraines 
are higher in clay content than the in­
nermost Lake Border Moraines . 

Variation in pebble l i thologies has 
also been noted between the moraines 
composed of the \;adsworth Till Member 
(Willman and Frye , 1970) . Black shale 
pebbles are more predominant in the 
t i l l  of the Tinley and Lake Border Mo­
raines than in that of the Valparaiso . 

VERTICAL VARIATION 

Figure 4 i l lustrates typical 
s t ratigraphic variation in illite con­
tent within the Wadsworth till  across 
the northern part of I l linois . In the 
Lake Border Moraines the less illitic 
( 7 1  percent) Wadsworth till  overlies 
the more illitic ( 7 6  percent )  Wadsworth 
till , which is present at the surface 
in the Valparaiso Morainic System and 
beneath lacustrine sediment of the Lake 
Chicago plain . This relationship (a  
less Hlitic Hadsworth till  over a more 
i ll i t ic Wadsworth t i ll ) , commonly oc­
curring with an intervening lacustrine 
or outwash sequence , is found in water­
well and test-boring samples in T"ake 
and Cook Counties of Illinois and can 
also be seen in the Illinoi s  bluff ex­
posures . Although some surface samples 
f rom the Tinley Horaine have less il­
lite than do those at the surface in 
the Valparaiso , subsurface data indi­
cate most of the moraine consists o f  
t i l l  with more illite , similar t o  that 
of the Valparaiso Horainic System. 

In the hummocky terrain of the Val­
paraiso Morainic System of Lake County 
another type of vertical variation oc­
curs . Analyses o f  samples from water 
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we lls and test borings in this area 
show illite compositions of 75 to 7 6  
percent interbedded with i l l i  t e  compo­
sitions of 70 to 71 percent . Some pro­
files have these randomly mixed compo­
sitions to depths of 35 m; mos t  of the 
mixed prof iles appear to contain non­
homogeneous till interstrat i f ied Vlitb 
lac11s trine deposits . The two composi­
tions are similar to those of the lower 
part of the Wadsworth till ( 7 6  percent 
illite)  and the reddish-gray, silty 
till  (70 percent illite) underlying the 
\Jadsworth . 

T i l l  samples collected along the 
bluffs south of Hilwaukee show vertical 
variation in i ll ite composition wHh 
depth within continuous till  uni t s  that 
are homogeneous in texture 0 For exam­
p l e ,  a unit may range progressively 
from 70 percent illite at the top to 65 
percent illite at the base . In some 
exposures in I llinois and 'Hisconsi n ,  
Wadsworth t i l l  units of the same compo­
s i t ion are separated by lacustrine and 
outwash deposits . 

DISCUSSION 

The Wadsworth t i l l  is the youngest 
t i l l  in Illinois and Indiana . Its dis­
tribution in the moraines immediately 
bordering the lake indicates that it 
was deposited by the last pulse of ice 
to reach the southern part of the Lake 
OIichigan basin . 

The distinctive characteris tics 
(color , clay-mineral composit ion , 
amount and lithology of pebb le s ,  matrix 
texture) of the Wadsworth till reflect 
i t s  Lake Hichigan source . The Paleozo­
ic limestone , dolomi t e ,  and gray shale

. 
un1 ts of the basin are highly illi ti c 
and Wisconsinan tills derived from the 
Lake Michigan basin are typically gray 
and illitic (Willman and Frye , 1<)70) . 
Ordovician , S i lurian , and Devonian 
s trata that border Lake Michigan are 
predominantly dolomite and shale ,  and 
these are by far the most common pebble 
l ithologies found in the Wadsworth 
t i l l .  The clayey texture and scarcity 



of pebble s  in the Hadsworth till are 
att ributed to glacial reworking of Pa­
leozoic clay and shale from the Lake 
Michigan basin and incorporation of 
proglacial lacustrine clay derived from 
d i saggregated Paleozoic rocks of the 
basin. Dreimanis ( 1 9 6 1 )  found that the 
tills of the Lake Erie basin derived 
principally from shale are coarser tex­
tured (less clayey) than those that 
also contain ineorporated lacustrine 
clay and sil t .  The latter are similar 
in texture to the Hadsworth till . 

One explanation for the variation 
in the clay-mineral compo s i t ion within 
the \,Tadsworth till is that it is di­
rectly related to the relative amount 
of the glacial load entrained from the 
1,ake Michigan basin . A decrease in il­
lite from the time that the Hadsworth 
t il l  was depos i ted at its outermost 
margin (Valparaiso Morainic System) to 
the time it was deposited on the lake 
f loor may indicate a decreasing rela­
tive amount of entrainment of the high­
ly illitic Lake Michigan basin material 
over time . Thi s  trend continued as the 
Hoodfordian ice retreated northward and 
the Shorewood and Manitowoc tills were 
depo s it ed . Changes in dominance of 
areas of erosion and entrainment have 
been explained by variation in the 
basal thermal condit ions of the ice 
through time (Boulton , 1972b) . l'1ickham 
and Johnson ( 19 8 1 )  suggest that changes 
in the Lake Michigan portion of the 
Laurentide ice sheet occurred during 
Hoodfordian time and can account for 
differences in the composit ion of some 
of the red and gray Hoodfordian till s .  

A second explanat ion for the chang­
ing composition and color of the clayey 
till that horders Lake Michigan is that 
the composition of glacial Lake Chicago 
sediment changed with time . Clayton 
( 1983)  suggests the pos sibility that 
influx of red sediment (less illitic)  
from the Lake Superior has in may have 
occurred between ice advances of la�est 
Wisconsinan time although no connec tion 
between Lake Superior and glacial Lake 
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Chicago has been confirmed . Change in 
the composit ion of glacial Lake Chicago 
sediment could also have resulted from 
a changing composit ion of the ice in 
the Lake Michigan basin (due either to 
change in the area of dominant entrain­
ment or to change in the source rocks 
available for erosion ) . For this rea­
s on ,  the pos sibility of influx from 
Lake Superior is difficult to evaluate . 

The fact that change in clay miner­
a l  composition is not ent irely gradual, 
but instead is clearly associated with 
ice-margin pos i t ions (Valparaiso and 
Lake Border) suggests that in some cas­
eS fluctuation of the ice front accom­
panied change in source . This idea is 
supported by the fact that lacustrine 
and outwash sequences commonly occur 
s tratigraphically be tween the less il­
litic  "Lake Border" till and the more 
illitic  "Valparais o "  til l .  The textur­
al change between the till of the Val­
paraiso Moraines and the till of the 
Tinley and Lake Border fronts is con­
s i s tent with a period of ice withdrawal 
and later readvance with incorporation 
of proglacial lake clay . 

Change in illite with distance 
along north-south ice-margin pos i t ions 
may reflect differences in the length 
o f  flow path . The material deposited 
in the moraines at the southern margin 
of the lake might have been transported 
more than 100 km farther than the till 
in the same moraines west of Milwaukee . 
The smaller percentage of  illite and 
the redder color of the t i l l  in the 
Tinley and Lake Border Moraines to the 
north indicate less incorporation of 
the gray Paleozoic sediment from the 
Lake Michigan basin than occurs in the 
t i l l  farther south . This is not sur­
prlslng since flow paths of the ice 
which depos ited the Hadsworth till west 
of Milwaukee would not have traversed 
the southern basin of Lake Michigan as 
would flow paths of the ice which de­
posited the Hadsworth t i l l  at the 
southern margin of the lake . Some dif­
ferences in composi tion of the tills 



wou:!.d be Hkely to occur, considering 
the differences in length of flow path 
in the Lake Michigau basin and the re­
sultant differences in oppor tuni t y  for 
incorporation of gray illitic Paleozoic 
sediment . 

P rogres sive vertical var_iat ion in 
tllite in homogeneous till as occurs in 
the lake bluffs south of Milwaukee may 
be due to a gradual change in dominance 
of entrainment areas or source rock 
eroded . This phenomenon is  not uncom­
mon in till units that occur between 
red (greater influence of Lake Superior 
basin source) and gray (dominance of 
Lake Hichigan basin source) end members 
in the Wedron Formation of Illinois 
(Wickham and Johnson, 1981) . Rock­
s tratigraphic classification of these 
intermediate units poses problems . 

The mixed compositon of thick se­
quences in the Valparaiso Horainic Sys­
tem of Lake County ,  Illino i s , is  not 
well understood . The heterogeneity of 
the t i l l  and lacustrine deposits  is 
consi s tent with a suprag1acial origin 
( Boulton , 1972a) . The interbedding of 
Wadsworth till compos i tions with the 
reddi sh-gray silty till compos i tions in 
vertical profiles can be explained by 
the advance and stacking of Valparai s o  
ice over older stagnant i c e  ( or the 
shearing of older till into the Valpa­
raiso ice ) . Ablation and resedimenta­
t ion could have resulted in the inter­
bedding of the two composi t ions and the 
heterogenei ty of the sequences . The 
hummocky topography with numerous ket­
t les and lakes is further evidence for 
supraglacial sedimentation due to re­
gional stagnation of the ice which de­
posited the Valparaiso Moraines . The 
thinning and compositional changes in 
the Wadsworth till of the Valparaiso 
Morainic System in Waukesha County ,  
Wisconsi n ,  may be due to local incor­
pora tion of the sandy Haeger till of 
the \vaukesha drumlin field . 
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SUMMARY 

On the basi s  of this research, I 
propose the following sequence of 
events for the deposition of the Hads­
worth til l .  

1 .  Late Hoodfordian ice from the 
Lake Hichigan basin advanced to the 
Valparaiso moraln�c front , over riding 
older Woodfordian till and abutting 
stagnant ice in the Chain O ' T�;:tkes low­
land . This ice deposited the gray il­
litic Wadsworth till of the Valparai s o  
Horainic System . 

2 .  The ice downwasted and the ac­
tive ice margin retreated an unknown 
distanc e ,  pos s ibly back into the pres­
ent area of the lake . Proglacial 
drainage was blocked by the Valparai s o  
end moraines . 

3 .  Ice advanced to the pos i tion of 
the Tinley Moraine . During the ad­
vance , the ice incorporated proglacial 
lake sediment and deposited lVadsworth 
t i l l  similar in composi tion but more 
clayey than that in the Valparaiso Ho­
rainic System .  

4 .  A s  the ice margin retreated (at 
least back to the present area of the 
lake ) , lVadsworth till of the same com­
posi tion as that in the Tinley Horaine 
was depos ited . Proglacial drainage was 
blocked between the Tinley Horaine and 
the ice margin forming glacial Lake 
Chicago . 

5 .  Ice advanced out of the lake 
has in,  incorporating Lake Chicago sedi­
ment . Hadsworth til l ,  similar in tex­
ture to that of the Tinley Horaine but 
with less illite , was deposited in the 
outer Lake Border Horaines over lacus­
trine sediment and more illitic \·Jads­
worth til l .  

6 .  Wadsworth till was deposi ted 
behind several dis tinct ice-margin po­
s i t ions as the front fluctuated , gener­
ally retreating basinward . As the ice 



froct retreated northward in the Lake 
Michigan basin , Wadsworth till was de­
posited on the lake floor . 

7 .  Change of  dominance of areas of 
entrainment ,  source rocks eroded and/ o r  
influx of sediment from outside the 
Lake Michigan basin resulted in change 
in the composition and when the ice re­
advanced over the Wadsworth till to 
form an end moraine on the lake bottom, 
the redde r ,  less illitic Shorewood till 
was deposi t e d .  

CONCLUSIONS 

The gray , clayey \vadsworth till of 
Illinois and Wisconsin is a distinctive 
field unit that can usually be differ­
entiated from other till uni t s  surf i­
cially and stratigraphically with the 
possible exception of the Yorkville 
till of Illinois . Although these two 
t i l l  units are very similar , the sandi­
er Valparai s o  Moraine forms a bouridary 
between them where they are in contact 
at the surface . In the study area of 
Illinois the Wadsworth Til l  Member is a 
s erviceable rock-stratigraphic unit 
suitable for formation rank and it is 
equivalent to what is being defined as 
the Oak Creek Formation in Wisconsi n .  

I n  Illinois a "Hadsworth Formation" 
can be subdivided , by means of  analyti­
cal dat a ,  into two mappable rock­
s tratigraphic uni t s : ( 1 )  a slightly 
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sandy, relatively more illitic lower 
unit and ( 2 )  a clayey ,  relatively less 
illitic upper uni t .  The mor e  Hlitic 
unit occurs in the Valparai so and Tin­
ley Moraines and beneath sediment of 
the Lake Chicago plain . The less il­
Ii tic unit occurs in the Lake Border 
Moraines and beneath nontill sediment 
in southern Lake Michigan . These rock­
s t ratigraphic units appear to lose 
their distinctive characteristics 
northward . The till in the northern 
part of the Tinley and Lake Border Mo­
raines is considered to be a less il­
litic  facies of the lVadsworth til l . 

If the lVadsworth till should be 
raised in rank from a membe r  to a for­
mation in the Illinois rock-s t rati­
graphic hierarchy , the next logical 
s tep would be to reevaluate the rank 
and status of the younger two members 
of  the lVedron Format ion (the Shorewood 
Till Member and the Manitowoc Till Mem­
ber) . 
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INTRODUCTION 

With the except ion of Alden' s  stud­
ies of the Quaternary geology of south­
eastern Wisconsin ( 1906 , 1918 ) , no de­
tailed investigation and interpretation 
of the glacial stratigraphy of southern 
Milwaukee County , Wiscons in,  has been 
done . Previous stratigraphic studies 
i n  the Milwaukee and Menomonee River 
valleys , north of the area covered in 
this report , are limited to the engine­
ering studies of Williams (1954)  and 
Rose ( 1978) and the stratigraphic study 
by Need (this volume) .  Along the Lake 
Michigan shoreline the general strati­
graphic relationships and engineering 
properties of the bluff materials are 
generally known from the work of Mick­
e lson and others ( 19 7 7 )  and Klauk 
( 1 978) • 

In order to obtain better informa­
t ion on the Quaternary deposi t s  south 
of the Menomonee River valley and west 
of  the Lake Michigan bluffs , a study of 
southern Milwaukee County has begun. 
The area under consideration is bounded 
on the north by Morgan Avenue , on the 
south by the Milwaukee-Racine County 
l ine , on the east by Lake Michigan, and 
on the wes t  by the Milwaukee-Waukesha 
County line . To dat e ,  approximately 
1 30 water-well records have been exam­
ined . As there is inconsi stency among 
records , we plan to begin a dril l ing 
program this summer to obtain bet te r  
records in areas where the subsurface 
geology is not well known. In addi­
t ion' we plan to take geotechnical bor­
ings so that we may analyze sediment 
properties which in turn will assist us 
in stratigraphaic correlation. 
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GEOLOGICAL SETTING 

The surficial deposits in Milwaukee 
County consist of till and outwash de­
posits interbedded with fine-graine d ,  
s trati f ied lake sediment and have been 
reported by numerous workers beginning 
with Chamberlin in 1877 .  The depo s i t s  
are Wisconsinan i n  age and were depos­
i ted during the Woodfordian and Great-
1akean Substages ( Frye and Willman, 
1 9 6 0 ;  Evenson and others , 197 6 ) . Dur­
ing this time succe s s ive glacial ad­
vances and retreats coupled with the 
d evelopment of proglacial lakes left a 
s eries  of  unlithified depo s i t s  in 
southern Milwaukee County .  The Wiscon­
s inan glacier flowed from the north and 
northea s t  down the Lake Michigan basin 
into Illinois and simultaneously spread 
westward and southwestward out of the 
basin into Wisconsin. As a result , the 
Pleistocene materials in the county 
consi s t  of till , outwash,  and lacus­
trine sediment . 

STRATIGRAPHY 

The most detailed work on stratig­
raphy has been done along the Lake 
Michigan bluffs ( f i g .  1 ;  Stop 5 of  
Mickelson and others , 1983 ) . The ma­
t erials found in the lake bluffs are 
primarily unnamed units of the Oak 
Creek Forma tion (Mickelson and others , 
in press )  and consi s t  primarily of 
till , outwash , and lacustrine sed iment . 

Inland the un1 i thified depos i t s  are 
predominantly composed of till and gla­
c i ofluvial sediment . In the northern 
part of the county lacustrine sediment 
i s  overlain by the lowes t  t i l l  unit 
( Ti l l  III , fig . 1) of the Ozaukee Mem-
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STRATIGRAPHIC CROSS-SECTIONS 
OF THE LAKE MICHIGAN BLUFF SHORELINE 

IN MILWAUKEE COUNTY, WISCONSIN 

STOP 5 

LOCATED IN SECTION 34, T.8N., R.22E. 

OF NORTHERN MILWAUKEE COUNTY 

LOCATED IN SECTION 24, T.6N., R.22E. 

OF SOUTHERN MILWAUKEE COUNTY 
20 
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FIGURE l . --Strat igraphic cross-sections of the Lake Michigan Bluff 
Shoreline in Milwaukee County,  Wisconsi n .  
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ber of  the Kewaunee Forma tion (Mickel­
son and others ,  in press ) , and are also 
tentat ively identif ied in the northwe s t  
quacirant of  southern Milwaukee County. 

The oldest t i l l  (Till I ,  fig . 1 )  
exposed in the bluffs i s  the uppermost 
t i l l  member of  the New Ber l in Forma t ion 
(Hickelson and others , in press ) . It 
is also tentatively ident ified as the 
lowest t i. l l  uni t in port ions of south­
ern Milwaukee County. The t U l  was 
p robably depos i ted during a glacial ad­
vance prior to 14 , 000 B.P. and probably 
correlates with the Haeger Till Memher 
of  the Hedron Format ion of northeastern 
Il linois (Hi llman and Frye , 1970) • 

Ti l l  I �onsists of  material ranging in 
size  f rom clay to boulders (2 m in di­
ameter) . The t i l l  at the bluffs and 
throughout the southern par t  of the 
county is primarily sandy silt  with a 
large number of cobbles and boulders. 
Near the Lake Michigan shore the sand 
f raction ranges from 17 to 46 percent 
by weight , but as one moves west across 
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the county there are areas where it is 
s ignif i cantly sandier , containing up to 
approximately 70 percent sand by 
weight. The color of the t i l l  ranges 
f rom light brownish-gray ( l OYR 6/2 )  to 
l ight gray ( l OYR 6/ 1 )  to brown ( 7 . 5YR 
5/4 ) .  

Till I is overlain by a boulder-lag 
deposit  that separates it from Til l  II 
at the TEke Michigan bluffs.  This sep­
aration is not detectable in water-we l l  
records in the County . The til l ,  prob­
ably deposited at approximately 13 000 
B .P . ,  is much clayier ) and is the low­
est t i l l  unit of the Oak Creek Forma­
t ion. The till  is primari ly clayey 
s i l t  near the Lake Michigan shore , but 
varies inland from clayey silt  to silty 
c lay with the clay-si l t  fraction rang­
ing from 65 to 98 percent by weight . 
Til l  II wa s probably depos ited during 
several closely spaced fluctuations of 
the ice front based on the fact that it 
is interbedded with glaci o f luvial sand 
and gravel at many locali t ies and in 

STOP 4 - ST. FRANCIS 

POWER PLANT SITE 

TfiN 

T.5N. 

o 2 miles 
I 

o 2 3 km 

FIGURE 2 . --Locat ion map of  cross-sections of  the unconsolidated 
Pleistocene materials , southern Milwaukee Count y ,  Wisconsin . 
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s ome localities  with lacustrine sedi­
ment . The t i l l  i s  correIa table with 
the Wadsworth Till Member of the Wedron 
Formation in Illinois (Willman and 
Frye , 1970) . Schneider (in Mickelson 
and others ,  in pre s s )  believes that it 
is very probably " . . .  equivalent in age 
to the upper parts of the Horicon For­
mation of the Green Bay Lobe . "  The 
color of  Till  II ranges from dark brown 
( 7 . 5YR 4/2 ,  4/4)  to gray ( l OYR 5 / 1 )  or 

l ight gray (lOYR 7 / 1 ) . The abundant 
clay in this t i l l  was probably caused 
by incorporation of ice-marginal lake 
sediments into the glacial debri s  as 
glaciers moved west southwestward out 
of the Lake Michigan Basin . 

Along the Lake Michigan bluffs Till 
II  is often interbedded with sand and 
gravel and the till  may be divided into 
an upper and lower unit .  From our pre­
l iminary work , most of the t i l l  in 
southern Milwaukee County appears to 
belong to this unit .  On the cros s  sec­
t ions ( f ig s .  3 and 4) , the interfinger­
ing relationships among the upper and 
lower unit of the till  and the outwash 
and lacustrine sediment are readi l y  
i dentifiahle . I n  genera l ,  the t i l l  i s  
s eparated by lacustrine and occasional 
glaciofluvial sediment along the Lake 
Michigan bluffs , but further to the 
west till  and glaciofluvial sediment 
dominates . 
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Finally,  there is some evidence in 
the northwestern part of southern Mil­
waukee County of a younger till , Till 
III ( f i g .  1 ) , the Ozaukee Member of the 
Kewaunee Formation (Mickelson and oth­
ers , in press ) .  The Ozaukee Hember is 
found in northern Milwaukee County and 
appears to extend into the northern 
( e specially northwestern) sections of 
s outhern Hilwaukee Count y .  It  ranges 
f rom reddish-brown (5YR 5/3)  to light 

reddish-brown ( 5YR 6/3) . 

SU!1MARY 

The stratigraphy in the Lake Michi­
gan bluffs in southern Milwaukee County 
i s  well known and has been documented 
hy Klauk ( 1 9 7 8 )  and Mickelson and oth­
ers (1977 ) . Our pre l iminary attempts 
to extend that stratigraphy inland re­
sulted in the construction or cross 
s ections A-A' , B-B ' , C-C ' , and D-D' 
( f igs . 3 and 4) . In those sections 
Till  II appears to he the principal 
t i l l  uni t in the southern part of the 
county as determined from water-well 
records , initial geotechnical boring 
data', and from surficial exposures . 
Tills  I and III are of much lesser sig­
nificance in the area .  Till I ,  found 
in the lake bluffs ,  i s  the oldest till 
in the area and probably forms part of 
the lowest till  unit found in portions 
of  the cross sections . Till  III is 
found only in portions of the northern 
part of the area . 
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ABSTRACT 

Numer.ous geotechnical borings have 
been drilled along the Milwaukee and 
Honomonee Rivers as part of the Milwau­
kee ' s  Water Pollution Abatement Pro­
gram, encountering as much as 60 m of 
Pleistocene and Holocene depo s i t s .  
These deposits are differentiated into 
l i thos tratigraphic and li thogenet ic 
units based on visual examination of 
split-spoon and Shelby-tube samples and 
a small amount of engineering test da­
t a .  

The Pleistocene units consi s t s  of 
three distinct till  unit s ;  fine- , medi­
um- and coarse-grained , proglacial-lake 
sediment ; and a complex and variable 
ice margin uni t .  The three till units 
correspond to till units 1 ,  2, and 3 
described in bluff exposures along the 
Lake Michigan shoreline by Mickelson 
and others ( 1 97 7 )  and to members of New 
Berlin , Oak Creek and Kewaunee 
Formations of Mickelson and others 
( 1983 ) . Two separate till  sheets are 
present within the New Berlin Format ion 
and three till  sheets are present 
"ithin the Oak Creek Formation. One 
t i l l  sheet from the Kewaunee Formation 
is  present in the study area . This 
t ill sheet is the youngest till  in the 
area and corresponds to the Ozaukee 
Member as defined by Mickelson and 
o thers ( 1 983) . Co rre lat ion of till 

sheets and lake sediment layers in the 
subsurface indicates the presence of a 
major meltwater outlet along the Menom­
onee River and a terminal ice-margin 
posit ion for the younge s t  of the Oak 
Creek advances . 

The Holocene units consi s t  of 
graine d ,  organic-rich estuarine 
s its  and alluvial depo s i t s  that 

fine­
de po­
range 
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in compos ition from silty sand to 
sand and gravel .  This sediment occu­
pies valleys that were eroded into the 

glacial deposits when the lake level 
was at the very low Chippewa stag e .  
Val l ey filling occurred a s  the lake 
level rose to the Nipissing stage . 
Slight overconsolidation of some estua­
r ine deposi t s  and the interstratifica­
t ion of es tuarine and alluvial deposits  
indicate that the lake level did  not 
rise steadily at this time . 

INTRODUCTION 

More than 2 00 geotechnical borings 
were drilled along the Milwaukee and 
Menomonee River valleys as part of the 
Milwaukee Water Pollution Abatement 
Program (MWPAP) . These borings , mos t  
o f  which were drilled during the last 
two to three years , provide an opportu­
nity to study the subsurface stratigra­
phy of a large part of Milwaukee in de­
tail . This paper is a progress report 
on efforts to analyze the large amount 
of high quality data collected from 
these borings . The findings are pre­
l iminary in nature and are concerned 
wi th the Pleis tocene and Holocene de­
posits of the lower Milwaukee and Me­
nomonee River valleys , deposits  found 
t o  be as much as 60 m thick . The in­
terpretat ions presented here are con­
s idered to be working hypotheses that 
w i l l  guide further stud ies . 

My findings are based on visual ex­
amination of samples collected from the 
MWPAP geotechnical borings . The sam­
ples were taken with spli t-spoon and 
Shelby tube samplers in borings drilled 
using wash-rotary or hollow-stem auger 
techniques .  Sampling intervals ranged 
from continuous to sampl ing on 5-ft 
cent e r s .  The samples , as wel l  as bor-



ing logs and laboratory test data , be­
came available to me through my work in 
the MWPAP . The visual examination was 
made to identify depositional environ­
ments so that subsurface conditions 
could be correlated between boring s . 
Three lithos trat igraphic uni t s ,  the 
t i l l  uni t s ,  and six lithogenetic uni ts , 
the other sediment types ,  were identi­
fied through this process . These nine 
un its are used to describe the general 
aspects of the Quaternary stratigraphy 
of the lower Hilwaukee and Henomonee 
River valleys and serve as a starting 
point for further l i thos tratigraphic 
s tudies . 

The Lower Milwaukee and Menomonee 
River valleys and the locations of bor­
ings drilled for the Hilwaukee Water 
Pollution Abatement Program are shown 
in figure 1 .  The study area extends 
from riilwaukee Harbor west and north 
along the Hilwaukee River to the North 
Avenue Dam, and wes t  along the Henomo­
nee River to the 27 th Street Viaduc t .  
Alden ( 1 9 18) mapped the low-lying areas 
along the two rivers as terraces relat­
ed to the Nipissing stage of Lake Hich­
igan. In a compi lation of old maps of 
Hllwaukee ,  Rose ( 1 978) indicates that 
these low areas were mostly wetlands 
wi th patches of drier ground . The up­
land area east and north of the Hilwau­
kee River was mapped as red dri f t  end 
moraine by Alden ( 1 91 8) ,  and the other 
upland areas were mapped as ground mo­
raine of an earlier Lake Michigan Lobe 
advance with segments of discontinuous 
end moraines in several locations . The 
presettlement topography is  shown in 
f igure 2 .  

Previous stratigraphic studies of 
this area are limited to two engineer­
ing theses (Wi l l iams , 1 9 5 4 ;  Rose 1978) 
1..rhich were more concerned with founda­
t ion condi tions and other engineering 
problems than Quaternary stratigraphy. 
Wil liams ( 1 954) examined foundations 
condi tions in the area roughly bounded 
by 12th Street , Juneau Avenue , Cass 
S t ree t ,  and Menomonee River o Rose 
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( 1978) studied the engineering geology 
of an area roughly bounded by 1 2 th 
Stre e t , Wisconsin Avenue , Lake Michi­
gan , and Greenfield Avenue . The work 
o f  Micke lson and others ( 1977) along 
the shoreline of Lake Hichigan is rele­
vant to the Pleis tocene deposits in the 
area , but no comparable work on the 
Holocene depos i t s  exi st s .  

LITHOGENETIC UNITS 

The Pleistocene and Holocene depos­
i t s  found in the MWPAP borings are dif­
ferentiated into three l i thostrati­
graphic uni t s , the till uni t s ,  and six 
l i thogenetic units , the other sediment 
types , the Pleis tocene units include 
three dist inct till units , fine - ,  med i­
um- , and coarse-grained, proglacial 
lake sediment , and a complex and vari­
able ice margin uni t .  A schematic dia­
gram of the depos i t ional environments 
that produced these depo s i t s  is shown 
in figure 3 .  The two Holocene unit s  
include fine-grained , organic-rich , es­
tuarine and marshy backwater depos its , 
and coarse-grained point-bar and 
channel-lag , alluvial depos i t s . A 
schematic diagram of these depo s i tion­
al environments is shown in figure 4 � 

The characteristics of the l i thostrati­
graphic and lithogenetic units are pre­
sented below . 

Pleistocene Uni t s  

The three distinct till  units cor­
respond to till  units 1 ,  2 ,  and 3 iden­
t ified by Mickelson and others ( 1977) 
in their work on the bluff exposures 
along the Lake Michigan shoreline in 
Milwaukee County and adjacent areas . 
The till  unit formerly called t i l l  1 is  
now considered to be part of the New 
Berlin Formation, unit 2 is  considered 
to be part of the Oak Creek Format ion , 
and unit 3 is the Ozaukee Member of the 
Kewaunee Formation (Hickelson and 
others , 1983) . The s e  names wil l  he 
used for the rest of this paper . 
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The correlation o f  samples from the 
MlWAP borings to the uni t s  of Mickelson 
and others ( 1 9 7 7 )  and Hickelson and 
o thers ( 1 983) is based only on litho­
log ic criteria dist inguishable in visu­
al examination. No sand : s i l t  : clay or 
mineralogical data are yet available 
for samples recovered from the M1WAP 
borings . Thus , all of the grain-size 
descriptions presented below use engi­
neering terminology with estimated tex­
tures shown in parentheses . 

The New Berlin till , the oldes t  
t i l l  found , is generally dense to very 
dens e ,  light gray to brown, very poorly 
sorted , silty sand to silt that has a 
substantial amount of clay ( loam to 
sandy loam) and commonly contains peb­
bles , cobbles , and boulders , Due to 
its  gravelly character , horehole recuv­
ery of this till is usually poor and 
sample interpretation is sometimes 
difficul t .  

Holocene Units 

The alluvial deposits originated in 
s treams as channel and point-bar sedi­
men t .  They are typically composed of 
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'loose to medium dense , sandy silt , and 
s ilty sand and gravel (silt  loam to 
loamy sand ) . The estuarine deposits 
originated on marshy backwater areas 
and in shallow estuaries created as the 
lake level rose from the Chippewa stage 
to the Nipissing stage . The deposits 
are typically composed of organic-rich 
to peaty, silty clay and clayey silt , 
and they are generally soft to medium 
s t i ff and qui te compress ible . 

GENERAL STRATIGRAPHY 

The Quaternary st;ratigraphy of the 
lower Hilwaukee and Henomonee River 
valleys is shown schematically in fig­
ure 5. The olde s t  Pleis tocene deposits 
are part of the New Berlin Formation in 
which two till sheets are present . The 
next three till sheets belong to the 
Oak Creek Format ion and may or may not 
be separated from each other or from 
the New Berlin Forma tion by lacustrine 
deposits . The till sheets of the Oak 
Creek Formation are overlain by till of 
the the Ozaukee Hember in part of the 
s tudy area. A major unconformity is 
present between the Pleistocene depos­
i ted and the overlying Holocene depos-
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FIGURE 4 . --Schematic diagram of pos tg18ci81 depositional environments in 
the lower Milwaukee and Henomonee RiveT valleys . 

I t s .  The oldest material overlying 
this unconformity is an alluvial depos­
i t  that commonly contains a large 
amount of gravel in the lower part of 
the deposi t . The youngest sediment in 
the study area consists of estuarine 
depo s i t s , which contain discont inuous 
lenses of alluvial depos its in places . 

Samples recovered from the Oak 
Creek t i l l  typically stiff to hard 
( dense to very dense) , gray to purplish 
o r  pinkish gray , sil ty clay to clayey 
s i l t ,  and clayey or silty sand ( s ilty 
c lay loam to silt  loam to loam) in 
which the largest particles are usual ly 
f ine pebbles . Cobbles and boulders are 
commonly encountered where this til l  
d irectly overlies bedrock . 

The Ozaukee till is typically stiff 
to hard , reddish brown , poorly sorted , 
s ilty clay to clayey silt ( s i lty clay 
loam to silt  loam) in which the largest 
particles are usually pebbles .  This 
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till  corresponds to the red till  mapped 
by Alden ( 1 918) and was identified and 
characterized by Acomb and others 
( 1 982) . 

The three types of proglacial-lake 
sediment are dis tinguished primarily on 
grain-size distributions . The fine­
grained sediment is typically composed 
of stiff to hard clay to clayey silt  
( clay to silty clay loam) that is  com­
monly laminated and relatively wel l  
sorted . The medium-grained sediment is 
composed of  medium dense to very dense , 
s ilty fine sand to s i l t  ( sandy loam to 
s i l t )  with very l i ttle clay . The 
coarse-grained sediment is typically 
composed of dense to very dens e ,  non­
s ilty sand and gravel ( loamy sand to 
sand) . 

The ice-margin uni t  is  interpreted 
to be present when closely spaced sam­
ples indicate interbedded lacustrine 
and till  deposi t s . Individual beds 
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within the complex range from 0 . 2  to 
2 m in thickness , but the amount of any 
given type of deposit and the sequence 
of their interbedding are quite vari­
able . The rapid changes in deposition­
al environment inferred from the inter­
bedding of till and lacus trille deposits 
are indicat ive of  a sedimentary complex 
that originated at the ice margin.  

In genera l ,  the distribution of the 
t i 1 1  sheets is partly related to sub­
Pleistocene topography and partly re­
lated to the extent of the glaciers 
t hat depo s ited them. The sub-Pleisto-
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cene topography is  shown in figure 6 .  
The main feature of this surface i s  the 
asymmetrical valley beneath the current 
Menomonee River valley with a steeply 
rising slope beneath the Milwaukee Riv­
e r  valley . The distribution of the 
Holocene strata is related to the to­
pography of  the sub-Holocene unconform­
i t y ,  shown in figure 7 ,  and the water 
level in the lake basin.  The relation­
ships are illustrated in flgures 8 and 
9 ,  which are subsurface sections devel­
oped from selected borings along the 
Menomonee and Milwaukee Rivers . 
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New Berlin Format ion 

The New Berlin Format ion seems to 
occur mainly within the deeper parts of 
the pre-Pleis tocene valley along the 
Menomonee River and appears to he 
draped on the underlying topography , 
Presumably subsequent ice advances 
eroded these deposits from the higher 
parts of the sub-Pleistocene surface . 
Two layers of the sandy Ne>l Berlin 
t i l l , separated by reddish-brown , fine­
grained , proglacial-lake sediment , are 
present from the harbor area to the 
confluence of the rivers ; but only a 
single till sheet appears to be present 
farther west .  It has not been deter­
mined if  the trans 1 t :ton from more than 
one till sheet to a single till sheet 
is due to erosion of the intervening 
lacustrine depos i t or .if it marks the 
extent of the upper layer of New Berlin 
t i ll . 

Oak Creek Formation 

The New Berlin Formation is gener­
a l ly separated from the Oak Creek For­
mation by proglacia1-1ake sedimen t .  As 
shown in figures 8 and 9 ,  the oldes t 
t i l l  sheet in the Oak Creek Formation 
extends throughout the Menomonee River 
valley and almos t extends to the pre­
Pleistocene upland beneath the Milwau­
kee Rive r .  The bedrock high shown in 
the northern end of figure 9 is higher 
than much of the adjacent area . Thus , 
the oldest layer of Oak Creek till may 
extend , more or less continuousl y ,  
across most o f  the area . 

The mIddle layer of Oak Creek till  
i s  the oldest till sheet that is clear­
ly not res tricted in its areal extent 
by the sub-Pleistocene topography al­
though its distribution still reflects 
the shape of the bedrock surfac e . A 
pinching out of this till sheet ,  shown 
in figure 8 ,  is  probably not indicative 
of a maximum ice-margin pos ition . This 
interpretation is based on borings , 10-
ca ted beyond the wes tern end of the 
section , in which the middle layer of 
Oak Creek till is present . In the har-
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bor are a ,  the middle till sheet becomes 
a complex composed of till and lacus­
trine deposi t s . Beneath Jones Island , 
which has been extensively drilled , 
conditions in this stratigraphic inter­
val change rapidly in shor t  dis tances ; 
in some borings , the middle layer of 
the Oak Creek till is completely 
absent . The reasons for the complexity 
are not clear . Along the Milwaukee 
Ri ver , the middle layer of Oak Creek 
till  rises out of the pre-Pleistocene 
valley . The correlations shown in fig­
ure 9 are based on borings , located at 
the edge of the valley , that were not 
subject to as much postglacial erosion 
as  those in the section . 

The distribution of the youngest 
layer of Oak Creek till appears to be 
predominantly controlled by the extent 
of the glacier that depos i ted i t .  In 
the Menomonee River valley it occurs 
from the harbor area (not shown in the 
section) to the confluence of the ri v­
ers . At the confluence it has the form 
of an abrupt ridge , situated at right 
angles to the valley axis and extending 
up into the overlying Holocene depos­
i t s . Along the Milwaukee River , the 
y'oungest layer of Oak Creek till ap­
pears to occur only on the east side 
from the confluence of the rivers to 
�rorth Avenue . At North Avenue , the 
till sheet is found on the wes t  sid e ,  
where a well defined segment o f  end mo­
raine is present . The interpretation 
that the dis tribution of the youngest 
layer of Oak Creek till is controlled 
by the extent of the ice that deposi ted 
it is  discussed below. 

Ozaukee Member 

The distribution of the Ozaukee 
t i l l  on the upland north and east of 
the Milwaukee River is presumed only on 
the bas i s  of Alden ' s  mapping because 
there are not yet sufficient borings to 
confi rm or refute Alden ' s  interpreta­
t ion . Ozaukee till was encountered 
about 1 . 5  km north of the study area in 
a boring located at the top of the 
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FIGURE 8 . - - Subsurface s e c t i o n  of the Quaternary depo s i t s  along the lower 
�enomonee River val l ey . View i s  looking north , Depo s i t s  are identified by 
number below. The section shown c r o s s e s  the sect ion i n  f i gure 9 at the 
fif�h boring from the r i ght , and the dashed vertailc l i ne indicates data 
proj ected from borings not in the section . Hor i z ontal scale : 1 inch i s  
approximat ely equal t o  2 5 0  m ( 830 ft ) .  Vert i c al scale : 1 inch i s  approx­
imately equal to 2 5  m ( 8 3  ft ) .  Datum : Mean Sea Level--elevat ions shown 
are i n  feet . 

( 1 )  Silurian format ions . ( 2 )  Devonian format ions , ( 3 )  New Berlin t i ll . 
( 4 )  Oak Creek t ill . ( 5 ) Fine-grained proglac i al_lake s ediment . ( 6 )  Medium_ 
grained progl ac ial -lake s ediment . ( 7 )  Coarse-grained proglacial _lake 
sediment . ( 8 )  Alluvial s ediment , ( 9 )  Estuarine s ediment . ( 10 )  Fill . 
U=upper t i ll layer , M=middle t ill layer , L=lower t ill layer . 
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FIGURE 9 .--Subsurface section of the Quaternary depo s i t s  along the lower 
Milwaukee River val ley.  View is looking east .  Deposi t s  are identified by 
number below. The section shown crosses the section in figure 8 at the 
s econd boring from the right , and the dashed vertical line indicates data 
projec ted from borings not in the sect ion. Horizontal scale : I inch is 
approximately equal to 250 m ( 8 30 ft) . Vertical scale : I inch is approx­
imately equal to 25 m (83 ft) . Datum : Mean Sea Level--elevations shown 
are in fee t .  
( 1 )  Silurian formations . ( 2 )  Devonian formations . ( 3 )  New Ber l in t i l l .  
( 4 )  Oak Creek till . ( 5 )  Fine-grained proglacial-Iake sediment .  ( 6 )  Medium-
grained proglacial-lake sediment . ( 7 )  Coarse-grained proglacial-Iake 
s ediment .  ( 8 )  Alluvial sediment . ( 9 )  Estuarine sediment . ( 10 )  Fil l .  
U=upper till  laye r ,  M=middle till laye r ,  L=lower till  laye r .  

b luff overlooking the Milwaukee Rive r .  
The distribution of this till  sheet is  
such that i t  does not appear in either 
f igures 8 or 9 .  

Alluvial Deposits  

The dis tribution of  the Holocene 
units is essentially coincident with 
the extent of the sub-Holocene valley , 
which probably formed by fluvial down­
cutt ing whi l e  the lake level was fall­
ing to and at the Chippewa stage . Mos t  
o f  the alluvial deposits occur in a 
cont inuous layer in the bottom of the 
sub-Holocene val l e y .  The layer ranges 
up to 10 m in thicknes s .  The alluvial 
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deposits grade from sand and gravel at 
the erosion surface to silty sand at 
the upper contact with the estuarine 
deposits . The upper contact generally 
occurs at consistently higher e leva­
t ions in the upstream direction . This 
relationship is somewhat distorted in 
f igures 8 and 9 because the sections 
deviated from the valley axis .  The 
basal alluvial layer is probably the 
result of fluvial aggradation caused by 
the lake level use from the Chippewa 
s tage to the Nipissing stag e .  



Estuarine Deposits 

The inability of the aggrading riv­
er to keep up with the rising water 
level eventually resulted in a transi­
t ion to an estuarine environment in the 
sub-Holocene valley . This transi t ion 
was probably time-transgres s ive . The 
estuarine deposits fill the res t  of  the 
buried valley , from the upper contact 
of the basal alluvial layer to a sur­
face that coincides with the present 

lake level . Wi thin the es tuarine de­
posi ts are discontinuous lenses of al­
luvial deposits that may be the result 
of pauses in the rise of the lake lev­
e l ,  or perhaps the temporary existence 
of loca l ,  low-order drainage systems on 
the valley sides . Toward the upstream 
ends of the buried sub-Holocene val­
leys , alluvial deposits seem to lap 
back over the top of the estuarine de­
posits . Because ancestral Lake Michi­
gan rose to the Nipissing Stage , which 
is about 7 . 5  m higher than the present 
leve l ,  following the erosion event , it  
is  possible that the Holocene deposits 
soils were once as much as 7 . 5  m thick­
e r .  

DISCUSSION 

Basis o f  Correlations 

The correlations presented in fig­
ures 8 and 9 are tentative because the 
laboratory analyses needed to establish 
a glacial stratigraphy in situations 
where several till sheet s  of similar 
l i thology are present are not complete . 
Likewise there may be some errors in 
interpretation of poorly sampled sedi­
ment such as parts of the New Berlin 
Formation .  The main guide for the cor­
relations presented here was the t i l l  

s trat igraphy identi fied by Mickelson 
and others ( 1 9 7 7 )  from their work along 
the bluffs of the Lake Michigan shore­
Ii tOe . The similarities of the till 
unit s  in the two areas has already been 
mentioned ; and , no evidence has been 
found that contradicts the shoreline 
s tratigraphy . With that framework as a 
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guide , correlations were made by work­
ing both from the bottom up and from 
the top down . These correlations were 
significantly influenced by the identi­
f ication of wha t  appears to be a termi­
nal moraine for the youngest layer of 
Oak Creek til l .  

Terminal Moraine o f  the Younges t  
Oak Creek �vance 

An end moraine , identified for the 

f irst time here , is interpreted to be 
the maximum ice-margin position of the 
advance during which the youngest layer 
o f  Oak Creek till was deposited . The 
evidence for a traceable end moraine 
includes the following : 

( 1 )  There i s  a buried , ridge­
shaped body of till oriented perpendic­
ular to the axis of the Menomonee Riv­
er valley near the confluence of the 
Milwaukee and Menomonee Rivers . This 
ridge corresponds to a former point of 
dry lowland that extended into the wet­
lands in the valley bottom. This land , 
known as \,alkers Point , is shown in 
figures 2 ,  7 ,  8 ,  and 9 .  

( 2 )  Two other areas o f  dry low-
land , in line with Walkers Point , lo­
cated northeast of the Milwaukee River . 

( 3 )  Alden ( 19 1 8 )  mapped a shar p ,  
well-defined ridge extending northwest 
from Kilbourn Park as end moraine . 

( 4 )  The higher parts of the upland 
north and eas t of the Milwaukee River 
trend northerly . This trend is diffi­
cult to completely explain as a result 
of events associated with the deposi­
t i on o f  the Ozaukee t il l .  The upland 
connects the fragment of end moraine 
identified by Alden with the Walkers 
Point end moraine remarkably well .  

( 5 )  A second buried ridge of till 
occurs across the Kinnickinnic River 
valley along Kinnickinnic Avenue . 



( 6 )  Subtle ridges and other high 
areas that cut across topographic 
trends of the uplands are present south 
of the Henomonee River and west of the 
Kinnickinnic River . 
be used to connect 
moraine to the ridge 
kinnie River valley . 

These features can 
the Walkers Point 
across the Kinnic-

The locations and spatial relation­
ship of these features is shown in fig­
ure 10 which also shows the probable 
ice-margin posi tion . The evidence that 
this end moraine marks the maximum ex­
tent of the ice that deposited the 
youngest layer of Oak Creek till con­
s is t s  of the following : 

( 1 )  Several borings on or east of 
this moraine have encountered three 
d i s t inct layers of Oak Creek t i l l ,  but 
no unequivocal occurrences of this kind 
have been found to the wes t .  

( 2 )  Pinkish gray colors in the up­
permost Oak Creek till layer are re­
stricted to the area east of the end 
moraine , although all of the uppermos t  
Oak Creek till i n  this area is  not 
p inkish gray . 

( 3 )  The moraine can be connected 
from the Kinnickinnic River to the S t .  
Francis Power Plant site with a series 
of  subtle ridge features .  The S t .  
Francis site i s  the mos t  southern (and 
only clearly identified) occurrence of 
the younges t layer of Oak Creek till 
along the shoreline . 

Meltwater Outlet Along 
Menomonee River Valley 

There is generally not much surfi­
c ia l  outwash mapped or encountered by 
�mpAP borings in the study area and 
adjacen t to it . This is  true even on 
ar'"2s ,ast of the basin divide and 
a bOV e; the elevation of the highe s t  lake 
level. that presumably had freely drain­
ing margins . This phenomenon was prob­
abl y caused by the concentration of  
meltwater discharge at points along the 
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margin that were abutted by proglacial 
lake s .  The character of  the progla­
cial-lake sediment in the Menomonee 
River valley . Specifically , the 
coarser-grained and medium-grained sed­
iment are predominant relative to the 
f ine-grained sediment . Furthermore , 
the coarse-and medium-grained sediment 
appears to occur in layers 9 to 15 m 
thick that are continuous for substan­
t ial distances in the western end of  
the valley . The relatively small 
amount of the coarse-grained sediment , 
a s  compared to the medium-grained sedi­
ment , may be due to source effects on 
the coarse fraction of the till is 
mostly pea gravel or slightly smal ler 
s o  there was little coarse material 
available . 

The depo s ition of material as the 
result of a meltwater concentration 
probably occurred during the time when 
the ice margin retreated from the vi­
cinity of County Stadium to the vicini­
ty of the present shoreline . Tracing a 
drainage path from the western end of 
the lower Menomonee River valley south 
of the main proglacial lake is not 
eas y .  I f  one can assume about 6 ill of 
ground-surface lowering due to isos tat­
ic depression or a slightly higher lo­
cal lake leve l ,  a poorly defined path­
way can be traced from the vicinity of  
County Stadium south of the Kinnickin­
nic River bas i n ,  then southeast through 
Mitchell Field to the Oak Creek bas in .  
This drainageway is  shown in figure 11 . 

, 
Character of  Lake Level Rise 

.!£. the Nipissing Stage 

The nature and timing of the rise 
in lake level from the Chippewa stage 
to the Nip i s s ing stage are not wel l  
documented . The deposits in the study 
area provide no data on when the rise 
began or on the rate of  rise during 
much of the recovery, but they do pro­
vide information for approximately 30 m 
of  the 105 m change . Radiocarbon dat­
ing of organic fibers in the estuarine 
deposits  and pieces of wood recovered 
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in samples of the basal alluvial depos­
i t  would provide data on ( 1 )  when the 
lake level had r isen high enough to 
cause aggradation of the river , ( 2 )  
when the first estuaries formed ,  and 
( 3 )  the subsequent rate of lake level 
r ise . The dates and rates would be 
minimum values because they actually 
apply to sedimentat ion events . Signif­
icant palynological data should also be 
obtainable from the estuarine depos i t s  
because they were deposited in an ag­
grading , quiet-water environment . 

There is  some indirect 
regarding the character of 
level rise already available . 

evidence 
the lake 

Several 
dozen consolidation tests were per­
formed on samples of estuarine meteri­
a1. The results indicate that the es­
turaine deposits are slightly overcon­
solidated . Some of the overconsolida­
t ion could have been caused by sediment 
depos ited whi l e  the lake occupied the 
Nipissing stage . Subsequent erosion of 
this hypo thetical sediment would leave 
the unde r lying deposi t s  overconso lidat­
e d e  However , the observed overconsoli­
dation cannot be fully explained as the 
result of overburden erosion. If the 
erosion of former overburden were the 
only cause of overconsolidation, the 
samples closest to the surface would be 
the most highly overconsolidated be­
cause the percentage in load reduct ion 
is greatest for such samples . The re­
lat ionship between depth and overcon­
solidation does not have these charac­
teristics ; it is instead somewhat 
trendle s s .  

A more likely cause for most o f  the 
overconsolidation and for the trendless 
r elationship between overconsolidation 
and depth is dessication . This dessi­
catIon could have occurred sporadically 
throughout deposition during pauses in 
lake level rise or slight lake level 
drops or bot h .  Evidence for this idea 
is  the occurrence of lenses of alluvial 
s ediment within the thicker estuarine 
depos its . Although other explanat ions 
are poss ible , the alluvial lenses may 

40 

r e flect short periods of 
which the river prograded 
i s ting estuarine deposits 
t o  a lower lake leve l .  

time during 
across ex­

in response 

Relationship to Earlier Studies 

I have relied considerably on the 
t i l l  stratigraphy formulated by Mickel­
son and others ( 1 9 7 7 )  from thei r  work 
along the shoreline of Lake Michigan . 
This stratigraphy framework is  consis­
t ent with the data from the MWPAP bor­
ings . Substantial agreement can also 
be seen among the data presented by 
Williams ( 1 954) and Rose ( 1 97 8 )  and 
this study although there are some dif­
ferences in terminology and interpreta­
t ion. Given the state of Quaternary 
geology when it was wri t ten,  the study 
by Hilliam ( 1 954) is remarkably per­
�eptive in its geologic interpreta­
t ions . Rose ( 1 97 8 )  treated the geology 
of his study area more generally , and 
his criteria for distinguishing Pleis­
t ocene from Holocene deposi t s  lead him 
t o  some erroneous conclusion . How­
ever , Rose did recognize the bas i c  Hol­
ocene stratigraphy . There are two ba­
s i c  differences between the earlier 
studies and this study:  ( 1 )  the inter­
pretations in the earli e r  studies were 
made only from boring-log data whereas 
the interpretat i ons presented here are 
based on boring logs and visual exami­
nations of the actual sample s ,  and ( 2 )  
the interpretations presented here re­
f lect the changes in both knowledge and 
methods that have occurred in Quater­
nary studies during the past 30 years . 

SUMMARY 

The Quaternary deposi t s  of the low­
e r  Milwaukee and Menomonee River val­
leys are differentiated into three 
l i thostrat igraphic and six l ithogenetic 
unit s  on the basis of  visual examina­
t ions of samples obtained from numerous 
geotechnical borings drilled for the 
Milwaukee Water Pollution Abatement 
Program. The Pleistocene unit s  include 
three l i thologically distinct t i l l  



uni t s ,  
1 ,  2 
( 19 7 7  ) 

which correspond to till unit s  
and 3 of  Mickelson and others 
and to members of the New Ber-

l i n ,  Oak Creek and Kewaunee Formations 
of Mickelson and others (1983) , fine - ,  
medium- and coarse-grained , proglacial­
lake sedimen t ,  and a complex and vari­
able ice-margin unit . The Holocene 
uni t" include alluvial and estuarine 
deposits laid down as the lake level 
rose from the Chippewa stage to the 
Nipi s sing stage . 

The stratigraphic framework of 
Mickelson and others ( 19 7 7 ) , which is  
consistent with the data from the MWPAP 
borings , was used to correlate between 
borings so the extent and distribution 
of  the units could be evaluated and de-
scribed . From correlations and other 
data at hand , an end moraine that may 
mark the maximum extent o f  the ice that 
deposi ted the youngest layer of Oak 
Creek till and a meltwater outlet along 
the Menomonee Ri,ver valley are tenta­
t ively identi f i e d .  Pauses in lake lev­
el rise or slight lake level drops are 
recorded in the stratigraphic record 
during the general lake level rise from 
the Chippewa stage to the Nipissing 
stage . 

4 1  

AUTHOR ' S  NOTE 

The terminology used in this paper 
for the proglacial-Iake sediment is 
d i fferent than that used in MWPAP 
GEOTECHNICAL REPORT S .  Deposits refer­
red to as fine-grained proglacial-lake 
s ediment in this paper are called lac­
ustrine silt and clay in the MHPAP re­
ports , medium-grained sediment is 
called lacustrine sand and sil t ,  and 
coarse-grained sediment i s  called ( sub­
aqueous) outwash . The terminology was 
changed for the purposes of this paper 
because one of the reviewers felt that 
most Midwestern 
would assume a 
for the outwash 
lacustrine one � 

Quaternary geologists 
glaciofluvial setting 
rather than a glacio-
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ABSTRACT 

The purpose of this paper is to de­
scribe the effect of lake level fluctu­
ations on the geomorphic evolution of 
coastal bluffs on the Lake Michigan 
shore in Wisconsin . Recent field stu­
les of morphologic features along ap­
proximately 100 km of bluff revealed 
s i x  major kinds of bluffs .  Twelve 
bluff profiles were measured two to 
three times per year in the field be­
tween 1974 and 1980,  and addit ional 
bluff profiles were estimated at vari­
ous times from 1937 to the present us­
ing air photographs . 

The results from the short-term 
field measurements indicate that bluffs 
composed primarily of  cohe s ionless sed­
iment recede in parallel fashion . 
Bluff prof i le shape remains fairly con­
s tant as the rates of bluff toe and 
bluff edge erosion are nearly equal . 
The magnitude of  failures on these 
bluffs is relatively small . On cohe­
s ive bluffs where adequate protection 
against severe toe erosion is present 
(wide beach , shallow nearshore water 
depths ) ,  parallel recession also oc­
cur s .  In cases where cohes ive bluffs 
are not well protected from intense toe 
erosion, the bluff toe and bluff edge 
erode at significantly different rates 
( non-parallel recession) , and recession 
i s  caused by much larger failures . 
Lake level changes cannot be directly 
correlated with changes in bluff pro­
file shape . 

Evaluation of bluff change since 
1937  indicates that the bluffs that 
show parallel recession over a short 
tIme period steepen and become more 

43 

gentle in response to ris ing and fall­
ing lake levels . Also , bluff profile 
changes on these bluffs are relatively 
synchronous from prof i le to profile and 
failures tend to be small scale . 
Longer-term changes on those bluffs 
that show non-parallel recess ion over a 
short time period (cohesive bluff s ,  in­
tense toe erosion) , howeve r ,  are not­
synchronous from profile to prof i le and 
cannot be correlated to lake level 
changes . Geomorphic change is caused 
by episodic large scale failures . 

INTRODUCTION 

As a coastal bluff erode s ,  i t s  mor­
phology also changes . The geomorphic 
changes taking place on a bluff are a 
result of a combination of pass ive and 
active factors in the environment . 
Pass i  ve factors are those inherent in 
the geologic medium; bluff stratigra­
phy , the engineering properties of 
bluff depo s i t s , and bluff heigh t . 
Active factors include things such as 
wave eros ion , groundwater , wind ero­
S ion , and processes associated directly 
with precipitation (rainsplash , sheet­
wash) . Temporal and spatial differ­
ences in these factors result in dif­
ferences in failure mechanism, thus 
differences in bluff evolut ion . 

Over the long term, wave action is 
the major factor causing changes in 
bluff form . Hater level ultimately 
controls the intensity of wave ero s i on . 
The effect of water level and wave ero­
s ion on bluff morphology can be in­
creased or decreased by various factors 
such as shoreline orientation , offshore 
bathymetry,  and beach width.  Thus , al­
though water level along a particular 



coast is  the same everywhere at one 
t ime , it can have different effects at 
different locations due to variability 
of the above factors . 

The purpose of this study was to 
determine the effect of short and long­
term lake-level changes on the geomor­
phic evolution of the coastal bluffs on 
the Lake Michigan shore in Wiscon s in . 
Lake Michigan is  an interest-ing area 
for study because lake levels are not 
controlled , lake levels have been mea­
sured since 1860 , and have fluctuated 
almost 2 m during this time , and bluff 
s tratigraphy and bluff height are qui t e  
variable along the shoreline . 

METHODS OF ANALYSIS 

Present-Day Bluff Morphology 

Definition of the present-day bluff 
morphology provides a starting point 
from which recent geomorphic change can 
be evaluate d .  Morphological features 
of bluffs were examined along 100 km of 
bluff along Wisconsin ' s  Lake Michigan 
shoreline ( f i g .  1 ) . This inve s t igation 
revealed the six major kinds of bluffs 
summarized in table 1 .  The aerial ex­
tent of these groups is shown in fig­
ure 1 .  

Recent Changes in Morphology 

Once the variability in the 
present-day bluffs was established , it 
became pos s ible to try to evaluate the 
effect of fluctuating lake levels on 
bluff evolution. Bluff changes have 
been documented over a 3- to 6-year 
period (considered short-term fluctua­
t ions) at four locations shown on fig­
ure 1 .  A total of 12 bluff profile s  
were measured 2 or 3 times a year at 
the four locations between 1974 and 
1 980 . 

Documenting changes in bluff mor­
phology over a longer time is more dif­
f icult because no field measurements 
were possible . Selected profiles mea­
sured in the field were located on a 
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series of air photographs dating back 
to 1937 . The angle of the bluff could 
be estimated because bluff height was 
known and the horizontal distance from 
the bluff edge to the beach could be 
measured . By detecting changes in the 
tone of the photograph , it was also 
possible to determine the relat ive 
shape of the profile (that is , convex 
or concave , or combination) .  These 
photos were periodically viewed in 
s tereo as a check for determining bluff 
shape . An average bluff top recession 
rate for a particular bluff reach was 
taken from Mickelson and other s ,  1977  
and approximate bluff profile changes 
through time were then reconstructed . 
A more complete description of the 
method is  provided by Peters (1982 ) .  

Lake-Level Fluctuations 

Changes in bluff morphology have 
been evaluated with respect to historic 
water-level fluctuations in Lake Michi­
gan ( f i g .  2) . Note that the earliest 
a i r  photographs available are from 
1937 , a time of relatively low water 
leve l . Since that time Lake Michigan 
has gone through two major high-water 
periods (the early 1950s and the 1970s 
and a major low-water interval in the 
late 1 9 50 s  and early 1060s . 

DOCUMENTED CHANGES IN BLUFF MORPHOLOGY 

Evaluation of Profile Measurements 

Bluff recession data for 9 out of 
the 12  profiles measured since 1974 are 
summarized in table 2 .  Three profiles 
at Notre Dame were not included because 
there was no change in morphology over 
the monitoring period . The Notre Dame 
s i t e  is  within bluff group D ,  whose 
morphology is  dominated by deep-seated 
rotational failures . Bluffs in this 
group are largely vegetated , suggesting 
that the slumps are very old . The geo­
morphic evolution of bluffs in group D 
will not be discussed further in this 
pape r ,  because there 
s igni f icant changes 
s ince 1937 . 

appear to 
in these 

be no 
bluffs 
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Nature of Bluff 
Grcup Bluff Height Bluff Angle Face (plan view) 

Bluff Profile 
Shape (x-section) 

A 

B 

C 

D 

E 

F 

Medium to 
very high 
(14 to 37 m) 

High (21 to 
27 m) 

High to very 
high (24 to 
37 m) 

Very high in 
Ozaukee Co. 
(30 to 40 m) , 

rredium in 
SheJ:oygan Co. 
(12 to 18 m) . 

MErlium to 
very high 
(18 to 37 m) 

IO\<Er to the 
north. 

low to rred­
ium (6 to 
20 m) . 

Generally 
steep 
(greater 

than 35°) 
except 
where pro­
tected 

Very steep 
(generally 

greater 
than 40°) 

Moderate 
(30 to 35°) 

Moderate to 
steep (30 
to 45° ) . 

Very steep 
(greater 

than 40°) . 

Variable; often 
highly scalloped 
top; sharp, \<Ell 
defined ridges. 

Mostly low re­
lief , especially 
in upper bluff; 
sane gullies in 
lower bluff. 

Brcad scallops, 
low relief. 

Highly variable; 
ridges bet\<Een 
gullies are can­
monly strongly 
convex with very 
steep IO\<Er 
bluff, but con­
cave or straight 
bluff profiles 
CCl\UTKJl1 in gullies; 
catjJOund ( convex 
and concave) slopes 
where large sl.urrps 
are present. 

Mostly straight or 
roncave. 

Gently convex or 
straight. 

Variable but gen- Canpound, gener­
erally low relief ally "stair-step" 
because slopes profile shapes 
are mostly grassed 
or wooded due to 
old deep seated 
slurrps row sta-
bilized. 

Broad scallops. 

Mostly low relief, 
but sare scallop­
ing in higher 
bluffs where c0-
hesive sa:lirnent 
is present. 

Generally straight 
or slightly con-
vex. 

Mostly straight 
or concave, sane 
ronvex where c0-
hesive units are 
present. 

other Ccmnents 

Till or glaciola­
custrine uuits top 
and bottan with 
sand layer in mid­
dle; bluffs are 
subj ect to intense 
wave erosion and 
are unstable. 

Cohesionless (sand 
and silt) material 
at top, cohesive 
(till or glaciola­

custrine) sediment 
at bottom. 

Till or glaciola­
custrine sediment 
throughout except 
for sand lens in mid­
dIe; bluff mt subj ect 
to intense wave ero­
sion. 

Till or glaciola­
custrine sedirrent 
top and botton 
with sand layer in 
middle; morphology 
daninated by deep 
seated slurrps. 

Stratigraphy same 
as group D; toe 
erosion is inter­
rrediate bet\<Een 
groups A and C. 

Mostly oohesionless 
sediment to the 
southi rrore cohe­
sive sa:lirnent to 
the north. 

TABLE l . --Summary o f  characteristics o f  bluff groups discussed in t ext . 
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TABLE 2 . --Result s of' short-term bluff recession measuremen t s .  

Average Rece ssion 
Bluf f H t .  Year!=; Recession (m) Rate (m/yr ) 

Prof i l e  m I·lon i ta r e d  TOE Bottom TOE Bottom 

Bender Park 1 3 6  3 . 3  

Bender Park 3 3 2  3 .  1 ( toe) 
3 . 5 ( top) 

Notre Dame 1 3 6  2 . 8  

Po r t  Wa s h .  1 2 7  5 . 7 

Po r t  Wash . 2 3 0  2 . 9 

Por t Was h .  3 3 1  2 . 7 

Kewaunee 1 7 5 . 3  

Kewaunee 2 1 4  5 .  8 

Kewaunee 3 1 0  2 . 8 

The results from the remainder of 
the profile measurements sugges t  two 
principal modes of bluff evolution . 
The firs t ,  which has been termed non­
parallel recession (Valle jo , 1977 ) ,  is 
de fined as having bluff-edge and bluff­
tow recession rates that are signifi­
cantly diffe rent . This type of bluff 
recession occurs on bluffs composed 
primarily of cohesive sediment that un­
dergo intense wave erosion . The bes t  
e>:amples of this type of retreat are 
the Bender Park 3 and Port Washington 1 
profiles . Bluff profile changes at 
Port Washington 1 are illustrated in 
fIgure 3 .  The bluff edge appears to be 
"rijusting to bluff steepening that oc­
c llrred prior to the first (1974)  mea­
surement ( in 1974) . Over the 6-year 
period the bluff toe actually shows a 
net accretion of material . 
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-1 .  8 - 9 . 3 -0 . 6  - 2 . 9 

- 1 6 . 8  + 1 .  5 - 4 . 8  + 0 . 5 

-3 . 0  - 4 . 9 -1 . 1  - 1 . 7 

- 1 5 . 8  +2 . 8  -2 . 8  + 0 . 5 

-3 . 3  - 0 . 6  - 1 .  2 -0 . 2  

o - 1 .  2 o - 0 . 5 

-2 . 6  - 1 .  4 - 0 . 5  -0 . 3  

- 2 . 0 - 2 . 4  - 0 . 3  - 0 . 4 

- 0 . 5 -2 . 2  -0 . 2  -0 . 8  

The second type of recession which 
has been called parallel recession 
(Valle j o ,  1977 ) ,  is defined as having 
bluff toe and bluff edge recession at 
about the same rate . This type of re­
cession appears to be characteristic of 
bluffs composed primarily of cohesion­
less materials ( s and or gravel) . The 
Kewaunee bluff s ,  best illustrated by 
profile Kewaunee 2 ( f i g .  4) show paral­
lel recession . In this case , bluff 
profile shape remains relatively con­
s tant and rapidly adjusts to wave ero­
s ian . Parallel recession is also sug­
gested by the Port Washington 2 profile 
( fig . 5) , although it  is a cohesive 
bluff and is close to Port Hashington 
1 .  However ,  the intensity of wave ero­
s ion at the bluff toe of Port Washing­
ton 2 is much less than that of Port 
Washington 1 because a seawall adjacent 
to profile 1 has caused waves to re­
fract directly toward the base of that 
profile . 
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FIGURE 3 o --Port Washington Profi le 1 ,  bluff profile changes ,  1 9 7 4  t o  1980 . 

This difference in the behavior of 
nearby profiles is primarily the result 
of  differences in beach width and off­
shore bathymetry , and therefore the 
amount of wave erosion taking place at 
the base of the bluf f .  Our measure­
ments of bluffs between 1974 and 1980 
show no direct correlation with lake­
level changes .  Thi s  lack of correla­
t ion is because a certain rise in water 
level has different effects in differ­
ent places . At locations where the 
beach is narrow, a small rise in water 
level may lead to erosion of the bluff 
t o e  0 The same increase in water level 
; .igl1t have no effect at another place . 
Therefore , I wil l  use the term "high 
e ffective lake level" to mean a lake 
level at which toe erosion is poten­
tially taking place and "low effective 
lake level "  to mean lake level low 
enough that the erosion is limited,  
even during storms . 
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Evaluation of Geomorphic Changes Since 
1 937 

The results of the long-term an­
alysis indicate that the . geomorphic 
changes on the Lake Michigan bluf fs de­
pend on a combination of stratigraphy 
and effective lake leve l .  Three combi­
nations of these two factors are mos t  
common . 

( 1 )  Cohesionless sediment alternating , 
high and low effective lake level . 

( 2 )  Cohesive sediment alterna t ing , 
high and low effective lake level . 

( 3 )  Cohesive sediment continually high , 
e ffective lake leve l . 

The first of  these is illustrated 
by most of bluff groups B and F (table 
1 )  ° Changes in bluff angle on these 
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FIGURE 4 .--Kewaunee Profile 2 ,  bluff profile changes ,  1974 t o  198 0 .  

bluffs can generally be correlated di­
rect ly to changes in lake leve l .  Fig­
ure 6 is a graph of bluff angle through 
t ime for group F ,  the symbols repre­
senting individual profiles within the 
group . A comparison of these changes 
t o  lake-level fluctuations over the 
same period ( f i g .  2) indicates that 
bluff angles were steepes t  during peri­
ods of high water and were lower during 
periods of low wat e r .  Unfortunately,  
no air photographs of these bluffs in 
the early 1950s were ava i lable . How­
ever , results from the late 1950s sug­
gest a declining trend in bluff angle 
f rom the 1950s into the 1960s . It ap­
pears that regardless of the intensity 
of wave erosion at present or in the 
past ,  changes in bluff morphology are 
relatively synchronous from pro f i l e  to 
prof i l e .  Differences in bluff angle 
between measuring points are not large , 
suggesting that small-scale failures 
( small slides and slumps , solifluction, 
sheetwash) are the principal means by 
which geomorphic change occurs .  No 
large-scale mass movements are eviden t .  
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The second o f  these combinations of 
factors , cohesive sediment and alter­
nating high and low effective lake lev­
els , is illustrated by bluff group C 
and most of bluff group E .  Bluff angle 
changes through time on bluff group C 
are shown in figure 7 .  l.ike the previ-
0us case , bluff angle changes are rela­
t ively synchronous from profile to pro­
f i l e ,  and bluff angl e  appears to have 
s teepened and declined as lake level 
rose and fell . 

The third case , that o f  high effec­
t ive lake level and cohesive sediment , 
i s  represented by mos t  of bluff group 
A ,  which includes the Bender Park 
bluff s ,  and the bluff at the Port Wash­
ington 1 profile , which is in group E .  
Bluff angle changes through time on 
some of the bluffs of group A are shown 
in figure 8 .  No clear correlation be­
tween lake level and bluff angle can be 
established here , in contrast to the 
previous two case s .  In fac t ,  some o f  
the higher bluff angles occur during 
periods of low wat e r ,  and vice versa . 
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FIGURE 5 .--Port Washington Profile 2 ,  bluff profile changes , 1977 to 1 9 8 0 .  

S ignificant changes i n  bluff angle be­
tween some of the measurements sugges t 
that large scale failures have oc­
curred . Figure 9 shows the approximate 
bluff prof i le changes through time for 
one of the profiles in fguure 8 .  It is 
evident that a large-scale slump oc­
curred sometime in the mid-1960s . 

DISCUSSION 

Modes o f  Bluff Evolution 

The result s  from the short-and 
long-term bluff monitoring sugges t  that 
there are two major modes of bluff evo­
lution . The first is characterized by 
bluffs that respond directly to changes 
in lake level through time ; that is , 
b lu f f  angle steepens and declines in 
response to rising and falling lake 
level .  
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Bluffs  that are composed largely of 
cohesionles s  material such as sand fall 
into this category . These include most 
of the bluff profiles in groups F and 
B .  On truly cohes ion1es s  bluffs (where 
the effective cohes ion intercept ( c '  = 

0 )  scale failures cannot occu r .  The 
influence of the c '  parameter on bluff 
geometry is discussed in detail in Edil 
and Haas ( 1980) and Edil and Vallejo 
( 1980 ) . Although the profiles in 
groups F and B mentioned above are not 
truly cohesionles s ,  their geomorphic 
evolution is such that they can he 
treated as cohesionless . 

Bluff s  of  group C and most of group 
E also appear to retreat in a nearly 
parallel fashion or respond to short­
term changes in lake leve l .  Despite 
the generally cohesive nature of the 
materials in these bluf f s , no large 
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FIGURE 6 .--Bluff group F ,  Kewaunee County , bluff angle changes through time . 
Bluff heights in parentheses . 

s cale failures have occurred throughout 
the monitoring period . Because effec­
t ive lake level has generally remained 
low, it is likely that wave erosion has 
occurred at a suf f iciently slow rate 
that weathering on the bluff slope 
could keep pace with it . Freeze-thaw 
and wetting and drying break up the co­
hesive sediment so that it can eventu­
ally be transported downslope by shal­
low slides and slope wash . In this 
manner bluff angle could vary without 
any large scale failures occurring . 
This mode of geomorphic evolution was 
described by Hutchinson ( 1 9 7 3 )  for some 
o f  the bluffs composed of the London 
clay. 

The second mode of bluff evolution 
is one marked by periods of gradual 
change in bluff morphology interrupted 
by episodes of large-scale mas s  move-
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men t .  This occurs only on cohesive 
bluffs where effective lake level is  
continuously high . I t  appears that 
geomorphic change occurs in this manner 
regardless of lake level fluctuation as 
long as effec tive lake level remains 
high . Over the short term, these 
bluffs are characterized by non­
parallel r-ecession ( see , for example , 
f i g .  5) . 

Threshold Lake Levels 

These results sugges t  that the geo­
morphic evolution of coastal bluffs is  
governed in part by the existence of  
threshold lake level s  that , when ex­
ceeded , initiate some significant geo­
morphic change . This concept of a 
threshold is  basically the same as that 
advanced by Schumm (1973)  for defining 
landform evolution. 
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There is some lake level below 
which bluff-toe erosion will not occur 
because waves do not strike the hase of 
the bluff .  In this case waves do not 
remove material from the base of the 
bluff and the bluff face behaves like 
any inland slope . 

Evidently , for high bluffs composed 
of cohesive material,  there is another ,  
higher , threshold . On these bluffs , i f  
water le -el rises sufficiently high , 
cutting at the base of the bluff causes 
oversteepening . Thi s ,  in turn , leads 
to large-scale slumping followed by 
smaller-scale slumping that takes place 
high on the bluf f .  This progression of 
events takes place irrespective of ,ya­
ter level change after the initial 
oversteeping has taken plac e .  

53 

The upper lake-level threshold is 
only relevant for cohesive bluff s ,  be­
cause bluffs composed primarily of co­
hesionless sediment are not suscept ible 
to large scale bluff failures . Neither 
of these thresholds is a single lake 
level throughout the coastal zone in 
Wisconsin because of variations in 
beach width,  offshore bathymetry, and 
shore orientation . 

The results suggest that once the 
upper lake-level threshold is exceeded , 
the blu f f  angle steepens to an angle 
above which large scale mass movement 
is likely . For the high bluffs in Mil­
waukee and Ozaukee Countie s ,  tbe bluff 
angle above which slumping occurs is 
about 4 5 ° . For the lower bluffs in 
Sheboygan County,  the data are less 
abundant but it  appears that 50° is a 
minimum value . If bluff angles on 

1900 
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these bluffs do not exceed these val­
ues ,  large scale mass movement will not 
occur . These observed angles agree 
fairly well with those predicted by 
s lope stabil i ty charts developed by 
Vallejo and Edi l  ( 1 9 79 ) . 

Lake Level and Bluff Response Models 

My perception of the effect o f  
lake-level fluctuations on bluff evolu­
t ion is represented graphically in fig­
ures 10 and 11 . In the case shown in 
figure 10 , lake level is maintained be­
tween the two thresholds discussed 
above . In other words , lake level 
fluctuates but never drops below the 
level where some erosion of the bluff 
toe takes place and is never above the 
level at which major steepening of the 
bluff takes place . Blu f f  angle varies 
directly with lake leve l ,  with a short 
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t ime lag between peak lake level and 
peak blu f f  angle . Short term fluctua­
tions in bluff angle ,  such as those 
shown by the short term moni toring , are 
superimposed on the longer term fluctu­
ations . Time periods between peak 
bluff angles correspond to per iods be­
tween peak water levels . During the 
1900 ' s  these intervals have varied from 
approximately 10 to 25 years . This 
type of geomorphic evolution takes 
place on non-cohesive bluffs and some 
cohesive bluff s  where oversteepening 
due to wave erosion does not occur . 

Geomorphic evolution on cohesive 
bluffs is represented in figure 1 1 . 
When lake level is between the two 
thresholds ' geomorphic change i s  the 
same as that shown in Figure 10 . Hhen 
the upper lake level threshold is con­
tinuously exceeded , however ,  the bluff 
will steepen and eventually fail as a 

1 980 
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FIGURE lO . --Ske tch showing the proposed relationship between water level and 
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FIGURE ll. --Sketch showing the proposed relationship between lake level and 
bluff angle on cohesive bluffs that experience a sustained water level high 
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large slump . This sequence o f  periodic 
mass movement probably continues as 
long as the upper threshold continues 
t o  be exceeded . One complete cycle of 
this sequence has not been documented 
for the Lake Michigan bluff s .  However ,  
based on known recession rates o f  
bluffs undergoing this type of geomor­
phic change , the time between major 
failures varies from about 10 to 100 
years , depending on the bluff height 
and the recession rate of the toe . 

SUMMARY 

Geomorphic evolution of the Lake 
Michigan coastal bluffs in Wisconsin 
can be described by relatively simple 
models relating the degree of wave 
erosion through time with bluff 
s tratigraphy . On bluffs composed o f  
cohe sionless sediment , bluff angle 
steepens and declines in response to 
r,slng and falling lake levels . 
Geomorphic change will be caused only 
by shallow slides , flow and slopewash . 
On bluffs composed primarily o f  
cohesive sediment , bluff angle varies 
as described above only if the lake 
remains at a level where the amount of 
material being removed by waves at the 
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toe of the slope is roughly equal to 
the amount coming down the slope . In 
environments where the lake is higher , 
the rate o f  bluff toe erosion wil l  
begin t o  exceed the rate o f  erosion on 
the bluf f ,  resulting in over steepening 
and eventual large scale mass movement . 
This sequence probably repeats itself 
if  the lake remains sufficiently high . 
This high lake-level threshold is not a 
s ingle lake level everywhere along the 
shoreline , but varies depending on 
factors such as shore orientation , 
offshore bathymetry,  and beach width . 
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ABSTRACT 

The Wisconsinan Stage is  represent­
ed in southeas tern Wisconsin by eleven 
formally named and defined rock­
s tratigraphic uni t s  of formation or 
member rank . These units are distin­
guished from one another by their 
s tratigraphic posi tion and lithologic 
characteri s t ic s ,  which are summar ized 
in this pape r .  PartIcular emphas i s  is 
placed on the lithostratigraphy of late 
Wisconsinan units associated with the 
activity of the Lake Michigan Lobe dur­
ing the Woodfordian Subage .  Several 
unnamed , undifferentiated , and informal 
unit s  of glacial , glaciofluvial , lacus­
t rine , and eolian origin are also known 
to be present . 

The Altonian Subs tage (Early Wis­
consinan) is represented by the Wal­
worth Formation , which consists  of the 
Foxhollow Member , the AlIens Grove Mem­
ber , and the Clinton Member (in ascend­
ing order) , and by the Capron Member of 
the Zenda Formation. These units are 
present in Rock and Walworth Countie s ,  
where they all occur in an area bounded 
by the Rock River on the west and by 
late Wisconsinan moraines on the north 
and east .  Relatively little is known 
about the details of the ice advances 
responsible for the depos i t ion of these 
uni t s ,  however , partly because of their 
l imited distribution and surface ex­
pression 

The Woodfordian Substage (Late Wis­
cons inan) is  represented by the Tiskil­
wa Member of the Zenda Forma tion , the 
Horicon Formation , the New Berlin For­
mation,  the oak Creek Formation, and 
the ozaukee Member of the Kewaunee For­
mation . Except for the Tiskilwa Mem­
ber , which occurs mainly in the shallow 
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subsurface , all thes e  units cover large 
areas of southeas tern Wisconsin . All 
but the Horicon Format ion were deposit­
ed by the Lake Michigan Lobe or its 
sublobes and by their associated melt­
water streams . Till of the Horicon 
Formation was laid down by the Green 
Bay Lobe , which buried much of south­
eastern Wisconsin , formed the classical 
drumlin field of that area , and termi­
nated at the Johnstown Moraine on the 
west and south and at the Kettle Inter­
lobate Moraine on the eas t .  

Both the New Berlin and oak Creek 
Formations appear to represent several 
ice advance s .  The farthest advance to 
result in the deposition of sandy New 
Berlin till  was that of the Delavan 
Sublobe , which shaped the Waukesha 
drumlin field and continued southwes t­
ward to its terminal Darien Moraine . 
The northwes t  side of the lobe termi­
nated at the Kettle Moraine ; thus , the 
Horicon and New Berlin Formations are 
considered to be age equivalents in 
southeastern Wisconsi n .  

A large proglacial lake , here 
called glacial Lake Milwaukee , is pos­
tulated for the Lake Michigan basin 
during stagnation and retreat of the 
Delavan Sublobe . When the Lake Michi­
gan Lobe subsequently readvanced out 
of the basin,  it incorporated large 
amount s  of lacustrine silt and clay 
into the oak Creek Formation . As the 
lobe pushed westward � it overran stag­
nant ice from the Delavan Sublobe and 
terminated along the Valparai s o  Mo­
raine . Later readvances reached the 
Tinley and Lake Border Moraines , and 
these were followed by still  another 
advance that left red clay-rich till of 
the ozaukee Member in a belt adjacent 
to the lake north of Milwaukee .  



INTRODUCTION 

This paper summarizes the litho­
s tratigraphic record and the sequence 
o f  glacial events during the Wisconsin­
an Age in southeastern Wisconsin. In 
accord with the general theme of the 
f ield trip for which this is written, 
emphasis  is  placed on Late Wisconsinan 
(Woodfordian) stratigraphy and events .  
Emphasis  is  also placed on the activity 
o f  the Lake Michigan Lobe . 

For nearly half a century following 
the publication of Alden' s second U. S .  
Geological Survey professional paper on 
the Quaternary geology of  southeastern 
Wisconsin in 1918 ,  the glacial deposits 
o f  this area received virtually no at­
t ention unti l  the studies  of Ned Bleuer 
and Norman Lasca were initiated in the 
mid-1960s . The results of the s e  inves­
t igations were incorporated in the 
guidebook prepared for the 1970 Annual 
Meeting of The Geological Society of  
America in Milwaukee ( Black and others , 
1 970) . Since that mee t ing , our knowl­
edge of  Wisconsinan stratigraphy and 
the glacial sequence of this area has 
been substantially supplemented , and 
thus it seems appropriate to review the 
subject for this 1983 meeting of the 
North-Central Section of the Society. 

Five areas of activity have con­
t ributed to the acquis ition of  new 
knowledge during the past 13 years .  
They are as follows : 

( l )  Completion of graduate disser­
tat ions by Lawrence Acomb , Carl Fricke , 
Thomas Johnson, and G. Richard Whi t te­
car under the direction of  Professor 
David Mickelson at the University of  
Wisconsin-Madison. 

( 2 )  Surficial mapping by personnel 
of the Wisconsin Geological and Natural 
History Survey , mainly by David Hadley 
in Walworth County . 
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( 3 )  Shore erosion and bluf f  sta­
bility studies along the Lake Michigan 
shoreline . The principal effort was a 
comprehensive project conducted during 
the summer of 1976 that was supported 
by a major grant to the State from the 
federal Office of Coastal Zone Manage­
ment , Nat ional Oceanic and Atmospheric 
Administration , under the provisions of 
the Coastal Zone Management Act of 
1 972 . Financial ass i s tance was also 
provided by the Wisconsin Geological 
and Natural History Survey . Dave Had­
l ey was Principal Inve s tigator , Dave 
Mickelson and I were Co-Inve s tigators , 

. but many persons contributed to the 
success of the project (Mickelson and 
others , 1977) . 

( 4 )  Continuing regional studies by 
myself of  the glacial stratigraphy and 
landforms of southeastern Wisconsin.  
Commencing in 197 1 ,  these studies were 
supported initially by a research grant 
from the Wisconsin Alumni Research 
Foundation and subsequently by field 
expenses from the Wisconsin Geological 
and Natural History Survey and by re­
search grants from the Committee on Re­
search and Creative Activity o f  the 
University of Wisconsin--Parkside . 

( 5) Cooperative studies during the 
pas t two years wi th personnel of the 
I llino i s  State Geological Survey ,  in­
cluding Ardith Hanse l ,  Leon Follmer , 
Herbert Glas s , and John Kempton . 

A significant result of the in­
creased attention to Quaternary stud­
ies in southeastern Wisconsin and 
throughout the State during the past 
decade has been the establishment of a 
forma l ,  though as yet incomplet e ,  
rock- stratigraphic classification for 
deposits of  the Quaternary Period 
(Mickelson and others , 1983) . That 
c lassif ication is used in this paper . 



ALTONIAN SUBSTAGE 

Four early Wisconsinan (Altonian) 
till units are apparently present in 
southeastern Wisconsin ( f i g .  1 ) . Work­
ing in the area south and west of the 
prominent Woodfordian moraines and eas t  
of  the Dri ftless Area , Bleuer (1970)  
mapped three Altonian till  uni t s . The 
oldest of these he informally named the 
.. Janesville till , "  which--with its as­
sociated ice-contact stratified drift 
called the "Janesvi. lle gravel " --Bleuer 
thought was probably deposited during 
Early Altonian time and correlated 
with one of the units in the lower part 
of the Winnebago Formation of Illino i s .  
The two younger uni t s  were mapped by 
Bleuer as the Argyle and Capron t i l l s ,  
which he believed correlated directly 
with the Argyle Til l  Member and the 
Capron Til l  Member , respectively , of 
the Winnebago Format ion of Illinois 
( Frye and others , 1969;  Willman and 
Frye , 1970) . 

Fricke ( Fricke and Johnson, in 
pres s ) , on the other hand , recognized 
four Al tonian t i l l s : in ascending 
s tratigraphic orde r ,  the Foxhollow 
t i l l ,  the AlIens Grove til l , the Clin­
ton til l ,  and the Capron t i l l .  From 
l i thologic and drill-hole dat a ,  he con­
cluded that the AlIens Grove till is 
equivalent to the Argyle Till Member of 
Illinois and that the overlying Clinton 
t i l l ,  previously correlated and mapped 
by Bleuer as the Argyle , is a separate 
and dist inct unit between the AlIens 
Grove ( Argyle) t i l l  and the Capron 
t i l l , both in Wisconsin and in northern 
Il linois ( fig . 1) . The Clinton has not 
been formally named in Illino i s ,  how­
ever . L-icke ' s Foxhollow till , which 
in Wiser lsin is known only from dri l l  
hole s ,  B.f)pears t o  b e  present i n  expo­
sures near Rockford , but like the Clin­
ton it has not yet been accorded formal 
recognition by the Illinoi s  State Geo­
logical Survey .  The status of Bleue r ' s 
Janesvil le till is uncertain ; Fricke 
( Fricke and Johnson , in press)  inferred 
that it is equivalent to bis AlIens 
Grove til l ,  but it might equate with 
the Foxhollow . 
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Because the lithologic characteris­
t ic s  of the Altonian tills differ from 
one ano ther , it is assumed that each 
was deposited by a separate advance of 
the ice , probably all from the Lake 
Michigan bas in.  Very little is known , 
however ,  about the details of these ad­
vances , and most of the tills have lit­
tle or no surface expression. Only a 
very sketchy interpretation of  glacial 
history is pos sible , therefore • 

Walworth Formation 

Three mid-Altonian units cons titute 
the Walworth Forma tion (Mickelson and 
o thers , 1983 ) . In ascending order , 
they are the Foxhollow Member , the Al­
Iens Grove Hember , and the Clinton Hem­
ber ( fig . 1) . Al l  three of these uni t s  
are best known from southeastern Rock 
County and adjacent southwestern Wal­
worth County in an area that is bounded 
on the west by the Rock River , on the 
north by the Johnstown Moraine , and on 
the east by the Darien Moraine and the 
Capron Ridge ( fig . 2) . Only the Clin­
ton Member , however ,  is presently known 
to occur at the surfilc e .  All three 
unit s  were likely deposited prior to 
40 000 B . P .  by glacier ice from the 
Lake Michigan basin.  

Foxhollow Member 

The Foxhol low Member (Hickelson and 
others , 1983) includes gray loam till 
that is present in the subsurface of 
s outheastern Rock County,  southwestern 
Walworth County ,  and part of northern 
Illinois .  It occurs mainly as a fill 
in preglacial or early Pleistocene bed­
rock valleys , notably the Troy Valley 
(Alden, 1904 , 1 9 1 8 ;  Green , 1968) , which 
trends southwestward acro s s  southern 
Walworth County .  

Foxhol low till i s  dist inguished 
from the other two members of the For­
mation by having less sand (44 percent) 
and by a lower ratio ( less than 0 . 8 :  1 )  
o f  light to dark dolomite grains in the 
coarse-sand fraction . The Foxhollow is 
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also considered to have the lowest av­
erage illite  content ( 5 3  percent) of  
all  the tills  in southeastern Wisconsin 
( Fricke and Johnso n ,  in press ; Mickel­
son and others , 1983 ) , but in my opin­
ion the X-ray d iffraction data are not 
sufficient l y  different to distinguish 
the unit from other tills in the area 
( table 1) . 

AlIens Grove Member 

The middle unit of the Walworth 
Formation is the AlIens Grove Member . 
It includes pink sandy till that lies 
beneath the Clinton Member in south­
eastern Rock County . 

AlIens Grove till  has about 53 per­
cent sand and thus is texturally inter­
mediate between the less sandy Foxhol­
low till  and the sandier Clinton till  
( table 1) . It is also intermediate be­
tween the other two members of the \val­
worth Formation in the rat io of light­
to-dark dolomite in the coarse-sand 
fraction.  Two groups of samples from 
AlIens Grove till  have significantly 
d i fferent clay-mineral compositions 
( table 1 ) , according to Fricke and 
Johnson ( i n  press ) .  Perhaps the most 
d iagnostic charac teristic of AlIens 
Grove till  is  i t s  pinkish-tan or salmon 
color .. 

The AlIens Grove t i l l  extends 
southward into northern Illinois , where 
it is  called the Argyle Till Member of 
the Winnebago Formation ( Frye and oth­
ers , 1969 ; Willman and Fry e ,  1970) . At 
some places in Il l inois , the Argyle 
t i l l  is overlain by the Plano Silt Mem­
ber of the Winnebago Forma t ion (Kempton 
and F.acke t t ,  1968) , which consists of 
s i l t ,  0 :  Janie silt , and peat .. Finite 
radiocarbon dates on wood and other or­
ganic material range from 32 600 to 
41 000 B . P .  Other dates are greater 
than 40 000 B . P .  (Wil lman and Frye , 
1970 , table 1 ) . 
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Clinton Member 

The youngest unit of the Walworth 
Formation is the Clinton Member (Fricke 
and Johnson, in press ;  Mickel s on and 
o thers , 1983 ) , which includes sandy 
loam till  and associated sand and grav­
e l  that occurs at the surface in south­
ern Rock and southwes tern Walworth 
Counties . As already stated , the uni t  
was mapped by Bleuer ( 1 9 7 0 )  as the Ar­
gyle till  on the assumpt ion that it was 
equivalent to the Argyle till of Illi­
nois . Its eastern surficia l  extent is 
the north-south-trending Capron Ridge , 
but Fricke and Johnson ( in press)  have 
confirmed that Clinton t i l l  is  defi­
nite ly present beneath the younger Cap­
ron till in the ridge . It is  also 
present wes t  of  the Rock Rive r ;  its 
d istribution in this area is patchy, 
but it appears to extend westward in 
t r ibutary valleys to the Sugar River ,  
nearly 1 2 . 9  km west of the Rock-Green 
county line (Bleue r ,  1 9 7 0 ,  p .  J-18) . 

Cl inton till  has the mos t  sand 
( 6 1  percent) of the three members of 
the Halworth Formation ( table 1) . It 
also has the highest rat i o  of light-to­
dark dolomi te in the coarse-sand frac­
t ion (greater than 1 . 3  to 1) , according 
to Fr icke and Johnson ( i n  pres s ) . Like 
the underlying AlIens Grove Member , two 
groups of samples of Clinton t i l l  have 
s ignificantly different percentages of 
c lay minerals ( table 1) . Although the 
t i ll is most commonly light yellowish 
brown ( l OYR 6/4) or light brown ( 7 . 5YR 
6 / 4 ) , a pink color ( 7 . 5YR 7/4 or 7 . 5YR 
8/4)  is also somewhat characteristic , 
particularly when the t i l l  is  dry 
( Bleuer , 1970 , p .  J-14) .  Fricke and 
Johnson ( i n  press) suggested that this 
may be due to the local incorporation 
of material from the underlying AlIens 
Grove Membe r .  

Bleuer was obviously puzzled by a 
less sandy till that he found beneath 
his Argyle (now Clinton) t i l l  at 
depths of 2 to 6 m below the upland 
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Grain Size of Clay�eral Composition (< .002 rom) 
Stratigraphic Unit 

Matrix (<. 2 rom) 
Expandable Kaolinite + Source of Data 

Sand Silt Clay N Clay Mins Illite Chlorite N 
en (%) (%) (%) (%) (%) 

Ozaukee till J3 47 40 (19)a 20 60 20 (20) Acomb and others, 1982 

Oak Creek till 12 44 44 (68)b IS 72 J3 (55) ISGS, H.D. Glass 

Horicon till 72 17 11 (24)° Allan. 1967 

New Berlin till 58 29 J3 (lS)b 17 66 17 (26) ISGS, H.D. Glass 

Tiskilwa till 42 35 23 (a)b 18 67 15 (24) ISGS. H.D. Glass 
39 39 22 (?)d Fricke & Johnson, in press 

Capron till 
(3 )b Uppal" phase 41 35 24 28 61 11 (3) Fricke & Johnson. in press 

40 42 18 (S)d Bleuer, 1970 

Lower phase 27 38 35 (2)b 28 61 11 (2) Fricke & Johnson, in press 
24 45 31 (3 )d Bleuer, 1970 

Clinton till 61 27 12 ( 6S)b 26 60 14 (85) Fricke & Johnson, in press 45 45 10 
Argyle till 62 28 10 (app 30)d Bleuer. 1970 

AlIens Grove till 53 35 12 (40)b 26 61 J3 (40) Fricke & Johnson, in press 39 47 14 
JanesviUe till 47 40 J3 (app 40)d Bleuer, 1970 

Foxholl.,.. tiU 44 37 19 (22)b 28 53 19 (22) Fricke & Johnson. in press 

N (00) = number of samples .  Grain-S1ze boundaries: Bj:joundaries are 2 rom, 0.062 nun, and 0.002 nun. 

bBoundaries are 2 nun, 0.062 nun, and 0.004 nun. cBoundaries are 2 nun, 0.05 rom, and 0.002 nun. 

dPrecise boundaries not stated. 

Table 1. Average grain-size distribution and clay-mineral composition of tills in southeastern Wisconsin. 
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surfac e .  Ten samples of this lower 
t i l l  averaged 47 percent sand , 38 per­
cent silt , and 15 percent clay . Where­
as the surficial till  is rich in Niaga­
ran dolomite , the lower till  is rich in 
local dolomi te (Bleue r ,  1970 , p .  'J-1 6 ) . 
A t i l l  with lithologic characteristics 
s imilar to this lower till  was also 
found stratigraphically below the Ar­
gyle (Clinton) north of Turt le Creek. 
Bleuer tentatively correlated both this 
uni t  and the lower till  south of Turtle 
Creek with his Janesville til l . It  
seems reasonable to conclude that 
Bleuer ' s  sub-Argyle (sub-Clinton) till  
unit s  equate with Fricke t s Aliens Grove 
o r  Foxhollow t i l l s .  

Fricke (Fricke and Johnso n ,  i n  
press) reported the presence of a fos­
s i l  B horizon formed on the Clinton 
t i l l  beneath flatter upland surfaces . 
At the type section of the Clinton Mem­
ber in southeastern Rock County, the 
paleosol has a reddish-brown B2 t hori­
zan and a brown beta horizon formed in 
the upper 1 . 7  m of the Clinton t i l l .  
A t  the type section of the AlIens Grove 
Member , where it is overlain by about 
8 . 2  m of Clinton till , a paleosol also 
occurs at the top of the Clinton Mem­
ber . At both localities the section is  
capped by 1 to  2 m of  loess , which is  
assumed to be Peoria loe s s .  Although 
the paleosol has been stripped from 
s teeper slopes by erosion, Fricke sug­
gested that it may be present along the 
footslopes beneath a loess and colluvi­
al cove r .  

Bleuer ( 1970 , p .  J-1 6 )  reported the 
d iscovery by Robert Engel of the Soil 
Conservation Service of an organic­
r ich , sandy Al horizon overlying 
g leyed , '.eached sandy loam till . The 
soil  is buried by 1 . 5  m of Peoria 
loes s .  

The Robein Si l t ,  on which the Farm­
dalian Substage o f  Illinois is based , 
i s  not known to be present in south­
eastern Wi sconsin. Howeve r ,  the paleo­
sols described by both Fricke and Bleu­
e r  may wel l  represent Farmdalian time 
in southeast Wiscons ing 
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The Clinton Member appears to be 
the oldest stratigraphic unit in south­
eastern Wisconsin about which ice-flow 
d irection can be inferred from geomor­
phic evidenc e .  Between the Capron 
Ridge and the Rock River outwash ter­
rac e ,  the upland is characterized by a 
d i stinctly drumlinoid topography. 
First recognized by Buell (1895)  before 
the turn of the century , the landscape 
was nicely described by Bleuer ( 1 9 7 0 ,  
p .  J-1 5 )  in the fol lowing manner :  

"Drainage is deranged and 
youthful , and , except for those 
areas adjacent to Turtle Creek 
or the Rock River valley,  the 
drainage is almost wholly con­
trolled by the subdued con­
s truc t i onal topography . Much 
of the area is a series of 
broad , imperfectly drained to 
poorly drained lineated low­
lands between low, gently slop­
ing l ineated hills . Local 
relief is less than 60 feet 
within the area . 

" The lineations are not 
parallel everywhere east of the 
Rock River , contrary to Alden 
( 19 1 8 ,  P l .  III) and Leighton 
and Brophy ( 1 9 6 6 , Fig. 2 ,  p .  
484) • The topography south of 
Turtle Creek has a general 
west-southwe s t  lineation,  but 
individual ridges are oriented 
between this trend and east­
wes t .  Orientations o f  upland 
crests north of Turtle Creek 
are wes t-northwest and suggest 
a locally divergent flow. This 
d iversity o f  orientation may be 
in part due to the effec t of 
bedrock topography upon glacial 
deposit ion . " 

Bleuer correctly points out that 
the topography wes t  of the Rock River 
valley is grossly different from that 
east of the river and that the surface 
morphology is bedrock controlled . Ice 
f low west of the Rock River was from 
the east-southeast , according to Bleuer 



( 19 7 0 ,  p .  J-14) , rather than from the 
eas t-northeas t as in the area between 
the Rock River and the Capron Ridge. 
He recognizes the possibility,  howeve r ,  
that the linea t e d  landscape of this 
latter area may not be direct ly related 
to the surface t i ll ,  but instead to  an 
o lder t i l l  (Bleue r ,  1970 , p .  J-16) . 
This possibility seems to  be unlikely . 

Zenda Format ion 
Capron Member 

The youngest Altonian uni t  known to 
be present in southeastern Wisconsin is 
named the Capron Member of the Zenda 
Forma tion (Mickelson and other s ,  1983 ) . 
The Capron Member occurs at the surface 
only in a small area of southwestern 
Walworth County , where it  is  found in 
the north-south-trending Capron Ridge 
( fi g .  2) . The Capron Ridge enters 
Halworth County from Boone and McHenry 
Count ies , Illino i s ,  where the uni t was 
named the Capron Ti 1 1  Member of the 
Winnebago Formation (Frye and others , 
1 9 6 9 ;  Willman and Frye , 1970) for the 
v i l lage of Capron located on the ridge 
10 km south of the Wisconsi n-Illinois 
boundary. 

The Capron t i l l  is  generally a 
medium-grained t i l l , although two dis­
t inct compositional phases have been 
recognized , both in Illinois (Frye and 
o thers , 1969 ; Hillman and Frye , 1970) 
and in Hisconsin ( Bleuer , 1970 , p .  
J-l l ;  Fricke and Johnson, i n  press) --a 
lower s iltier phase and an upper sandi­
er phase ( t able 1) . In Illinois the 
more sandy unit has more expandable 
c lay minerals and less i l l i te , but in 
Hisconsin the clay-mineral compos i t ion 
o f  the t';.>:<Q phases appears to be simi­
lar , as lell as resembling the clay­
mineral content of one group of samples 
from both the AlIens Grove and Clinton 
t il l s  ( table 1) . The t i l l  is  moderate­
ly compact and calcareous , as in 1 1 1 i­
nois , and is light brown ( 7 . 5YR 6/4) to  
brown (7 . 5YR 4/4) in color . Capron 
t ill  can be dist inguished from t i l l  of 
the older Halworth Formation and the 
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younger Horicon Formation by i t s  
d i s t inctly finer grain s i z e  and i t s  
s lightly darker o r  pinker colo r .  

Like older Altonian t i l l  i n  south­
eastern Wisconsin , the Capron t i l l  was 
depo s i ted by the Lake Michigan Lobe 
( Frye and others , 1969 , p .  6 ;  Bleuer , 
1 970 , p .  J-12 ) .  Nearly 80 percent of 
the pebbles are dolomite , and about 
half of the stones identi fied by Bleuer 
( 1 970,  p .  J-1 1 )  were Niagaran dolomite 
pebbles . Frye and others ( 1 9 6 9 ,  p. 6) 
concluded that the intermediate compo­
s i t ion of the Capron t i l l ,  in terms of 
both its illite and Devonian black 
shale content ,  indicates primary gla­
cier scour along the wes tern stde of 
the Lake Michigan basin.  

The Capron Member was apparently 
depo s ited between 30 000 and 35 000 
years ago .  Its age is established by 
s tratigraphic relations in Illinois , 
where the unit overlies the Plano Silt  
Member of the Winnebago Format ion and 
underlies the Robein SiI t .  The Plano 
S i l t  is at least 35 000 radiocarbon 
years old , and the Robeln Silt  has ra­
d iocarbon dates between 2 1  000 and 
2 8  000 B . P .  (Hil lman and Frye , 1970 ) . 
Thus the Capron Member is  Late 
Altonian . 

About 7 km of the Capron Ridge 
occurs in Hisconsin.  Near the state 
l ine the ridge has a maximum relief of 
about 27 m .  It descends slightly from 
south to north and is apparently over­
lapped and truncated on the north by 
outwash deposi ts and by the northwes t­
southeast-trending Darien Moraine . The 
eas tern toe of the ridge is buried by 
proglacial sand associated with the 
Dar ien-Marengo-Hes t  Chicago morainic 
belt . Along the wes tern edge of the 
ridge , Capron t i l l blanket s  the Clinton 
Member of the l..ralworth Forma t ion 
( Fr icke and Johnso n ,  in pres s ) . 

Although i t  is commonly thought to 
be an end moraine , very l i t t le is  actu­
ally known ahout the origin of the Cap­
ron Ridge . According to Bleuer ( 1970,  



p .  J-1 2 ) , dri ft thicknesses of more 
than 1 0 . 5  m were penetrated by power 
auger at several sites along the cres t  
of  the ridge . Near the north end of 
the ridge crest , however , bedrock was 
encountered at depths of only 0 . 6  to 
1 . 8  m ,  and borings in the eastern part 
o f  the ridge indicate the presence of 
an older till at depths ranging from 
1 . 5  to 6 . 1  m .  He concluded , therefore , 
that some of  the relief of the Capron 
Moraine is due to a core of older till  
or high bedrock . 

WOODFORDIAN SUBSTAGE 

Five Late Wisconsinan (Woodfordian) 
s tratig raphic unit s  are formally recog­
nized in southeastern Wisconsin. These 
units range in age from about 1 8  000 or 
20 000 years to 12 500 or 13 000 years . 
In ascending strat igraphic order,  they 
are the Tiskilwa Member of the Zenda 
Forma tion , the New Berlin and Horicon 
Formations (age equivalents) , the Oak 
Creek Formation, and the Ozaukee Hember 
of the Kewaunee Formation ( f i g .  1 and 
Mickelson and others , 1983) . Peoria 
loess and unname d  lacustrine deposits  
are  also present . 

Almost certainly , further field and 
laboratory inve s tigations will result 
in the subdivision of some of  these 
unit s  and thus lead to refinements of 
our current rock-stratigraphic framework 
for this area . The New Berlin Forma­
tion,  for example , is known to consist 
o f  two principal members , a lower sand 
and gravel unit and an upper till uni t ,  
but neither is formally defined at this 
t im e .  The Oak Creek Forma tion very 
l ikely represents two , three , or pos­
s ibly ev,en four advances of the Lake 
Hichigan Lobe that left deposits  that 
may eveLtually be d i s t inguished from 
each other lithologically and correlat­
ed with specific morainic ridges . For 
a more detailed treatment than present­
ed in this paper of the Oak Creek For­
mation and its correlative unit in 
northeastern Illinois , the lVadsworth 
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Till  Member of the Wedron Formation , 
the reader is referred to accompanying 
papers in the guidebook by Hanse l  
( 1983)  and Need ( 1983 ) . 

Zenda Forma t ion 
Tiskilwa Member 

The earliest incursion of ice into 
southeastern Viisconsin during the 
l,ood ford ian Subage occurred about 
1 8  000-20 000 B . P .  It is represented 
by till of the Tiskilwa Member of the 
Zenda Formation (Mickelson and others , 
1 9 8 3 ) . This uni t  was named the 
Tiskilwa Till Member of the Wedron 
Formation (Willman and Frye , 1970)  
from a road cut in  Bureau County , 
Illinois ,  8 km northwest of Tiskilwa in 
the Bloomington !loraine ( Frye and 
Willman, 1965 , p .  95) . 

Tiskilwa till  in Illinoi s  is  
" sandy, pink-tan to reddish tan-brown , 
and generally is  described as pink 
t i l l "  (Wi l lman and Frye , 1 9 7 0 ,  p .  68) . 
Tiskilwa till  in I-lisconsin is  simi lar . 
Typically i t  has a 5YR hue , but ranges 
in color from reddish brown ( 5YR 4/ 3 ,  
5YR 4/4 , or 5YR 5/4) or yellowish red 
( 5YR 4/6) to brown (7 . 5YR 5/4 ) where it 
is oxidized . Wher e  unoxidized , it is 
commonly dark reddish gray ( 5YR 4/2 )  or 
weak red ( 2 . 5YR 4/2 ) .  

Till of  the Tiskilwa Hember is 
s lightly to moderately stony . Grain­
s ize analyses indicate that the matrix 
o f  the till contains an average of 
about 42 percent sand , 35 percent silt , 
and 2 3  percent clay ( t able 1 ) . In some 
places a more sandy phase of the till 
is present . A single sample from one 
o f  the formally designated lVisconsin 
r eference sections for the Tiskilwa 
Member contains 65 percent sand , 24 
percent silt , and 11 percent clay ; in 
contras t , three samples of the more 
typical till  from the same exposure av­
erage 42 percent sand , 36 percent silt , 
and 2 2  percent clay . To date it has 
not been possible to determine the dis­
t ribution of the more sandy facies , 



partly because of the similarity in 
both color and texture between the 
sandier Tiski lwa till  and till of the 
younger New Berlin Forma tion that has 
been contaminated with Tiski lwa till as 
a result of erosion and assimilation. 
In fact , the two are virtually indis­
t inguishable , even in relatively dee p ,  
fresh cut s .  

The more typical Tiskilwa t i l l  is 
l ithologically similar to till of the 
older Capron Hember of the Zenda Forma­
t ion. Both are pink, medium-textured 
ti l I s  with approximately the same 
grain-size distributions ( table 1) . 
Capron till is- less red , however , ac­
cording to Bleuer ( 1 9 7 0 ,  p .  J-ll to 
J-13) and normally has a 7 . SYR hue 
rather than the 5YR hue that is typical 
of Tiskilwa till . Tiskilwa till is 
read ily dist inguished from both the 
o lder Clinton till and the younger (un­
contaminated) New Berlin till by its 
pinkish color and distinctly finer 
grain size . New Berlin till also has 
more pehbles than the Tiskilwa till . 

In McHenry County,  Illinois , just 
south of the Wisconsin state line , Tis­
k ilwa till composes the Harengo Ho­
raine, a prominent north-south-trending 
end moraine . According to Wi llman and 
Frye ( 1 9 7 0 ,  p .  108) , the l-'.arengo Mo­
raine represents the outermost moraine 
of the Harvard Sublobe of the Lake 
Michigan Lobe . It is  one of the higher 
and more prominent end moraines in Il­
l inois ,  being about 6 5  kID long and 5 kID 
wide ; it generally rises 45 to 60 m 
above the outwash plain in front ( t o  
the wes t )  of the moraine . Although i t  
has been correlated In the past with 
the Bloor ington Horaine , the exact re­
l a t ionship between the moraines now ap­

pears to be somewhat uncertain (Wil lman 
and Frye , 197 0 ,  p .  108) . 

Less than a kilometer north of the 
lHsconsin-Illino i s  boundary the Marengo 
Moraine is overlapped from the east by 
the northwest-southeast-trending Darien 
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Moraine, the terminal moraine of  the 
De lavan Sublobe of the Lake Hichigan 
Lobe (Alden, 1904 , 1918;  Schneider , 
1982) , and its proglacial outwash de­
pos it s .  It can be traced northward , 
however ,  chiefly by mapping the distri­
bution of pink Tiskilwa t i l l ,  which is 
exposed at or near the surface in a 
belt roughly 10 to 18 kID wide that ex­
tends from the state line nor thward 
through Walworth County to the Ket tle 
Moraine . The high topography north and 
south of Lake Geneva is certainly part 
of the Marengo Horaine , irregularly 
b lanketed with a thin veneer of younger 
d r i f t .  Very probably , Tiskilwa till  
forms the core of  much of the Elkhorn 
Moraine, which Alden (1904 , 1918)  con­
s idered to be a recess ional moraine of 
the Delavan Sublobe but whi ch we now 
believe is largely the northward con­
t inuation of the Harengo Ridge , par­
t ially buried beneath a thin cover of 
New Berlin till . It is in thi s  latter 
area that Tiski lwa till and contaminat­
ed New Berlin till  are dif ficult or 
impossihle to dist inguish in many expo­
sure s .  Yet in many others sharp con­
tacts of apparently pure tills estab­
l ish the relative age of the two units . 

The Tiskilwa Hember is also known 
t o  be present at many localities far­
ther eas t ,  where j.t i s  normally buried 
beneath thick drift of the New Berlin 
and Oak Creek Forma t ions . It has not 
been observed , however ,  in blu f f  expo­
sures along the Lake Michigan shore­
l ine . 

In summary , pink Ti skilwa till was 
deposited by the Harvard Sublobe from 
the Lake Michigan hasin somet ime be­
tween 18 000 and 20 000 B . P .  The Har­
vard Sub lobe advanced we s tward to the 
location of the Harengo Horaine--a 
prominent landscape feature in northern 
I llino i s  that may be traced northward 
as a buried topographic high beneath 
deposits of a later advance . 



New Berlin Formation 

The New Berlin Formation was named 
by Schneider (Mickelson and others ,  
1 983 ) for coarse-grained drift of the 
Delavan Sublobe of the Lake Michigan 
Lobe (Alden, 1904 , 1918;  Schneider,  
1982 ) .  As previously stated ,  the for­
mation consists of two principal mem­
bers , a lower sand and gravel uni t  and 
an upper unit that is mostly til l .  
Neither unit has been forma l ly defined . 

Both members of the New Berlin 
Formation are commonly present where 
the formation is at or near the surface 
in southeastern Wisconsin . This area 
includes much of Waukesha and Walworth 
Counties and smaller parts of Kenosha , 
Racine , Milwaukee , Washington, and 
Ozaukee Counties . Geomorphologically, 
the formatIon covers the area in and 
behind (northeast of) the Darien Mo­
raine , between the Kettle Interlobate 
Moraine on the west and either the Val­
paraiso or Tinley Moraine on the east 
( f ig .  2) . It extends eastward in the 
subsurface to Lake Michigan , at least 
in some places , because it is exposed 
near the base of the bluff as far south 
as Sheridan Park in southern Milwaukee 
County . Whether the New Berlin Forma­
t ion is present beneath thick deposits 
of  the Oak Creek Formation in eastern 
Racine and eastern Kenosha Counties is 
not known , but it seems probable that 
i t  was at least deposited in that are a .  

The New Berlin Formation takes its  
name from the city of  New Berlin in 
eastern Waukesha County , where the for­
mation is well exposed in numerous 
gravel r it s  in the Waukesha drumlin 
f ield (f '.g .  2) . Its type section, in 
fac t )  is a compound gravel pit in the 
heart of the drumlin field . The forma­
t ion is also well exposed in road cuts 
and in gravel pits farther to the 
southwes t  in southern Waukesha, north­
western Racine , and Walworth Counties . 

The lower (sand and gravel) unit is 
commonly the thicker of  the two 
members ; i t  ranges in thickness from 0 
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to about 12  m .  The upper member o f  the 
formation is generally thinner, ranging 
up to about 10 m in thicknes s ;  in some 
places ,  however , it i s  only a meter or 
two thick . The full thickness of the 
formation is exposed in several gravel 
pits in Waukesha and Walworth Counties , 
where the sharp contact between the top 
of the Tiskilwa Member of the Zenda 
Formation and the base of the New 
Berlin Format ion defines the floors of 
the pits . 

The lower member of the New Berlin 
Formation is interpreted as outwash 
sediment depos ited in front of and 
around the margins of the advancing 
Delavan Sublobe . The upper member is 
interpreted as basal t il l .  Whi t tecar 
and Mickelson ( 1 9 7 9 )  have postulated 
that both an "advance "  t i l l  and a "re­
treat" till are present in the Waukesha 
drumlin field , based upon a study of 
internal structures in the drumlins . 
The formation also includes thick , 
coarse ice-contact stratified deposi t s ,  
which reach their greatest extent adja­
cent to the Fox River in western Keno­
sha , wes tern Racine , and eastern Wal­
worth Countie s .  

The upper member o f  the New Berlin 
Formation is typically gravelly sandy 
loam til l ,  averaging about 58 percent 
sand , 29 percent sil t ,  and 13 percent 
clay in the matrix ( table 1) . The 
grain size is variable ,  however , and in 
some places the till is considerably 
more sandy, containing as much as 70 or 
72 percent sand . In other places it is 
less sandy and is gravelly loam . 

Oxidized till is yellowish brown 
( 1 0YR 5/4 to 7 . SYR 5/4 or 7 . 5YR 4/4) 
or, less commonly, brown (10 YR 5/3 ) ;  
unoxidized till is grayish brown (10 YR 
5/2 or 2 . SY S/2 ) . The till everywher e ,  
except of  course where leache d ,  i s  
strongly calcareous and has a pH of 
about 8 .  The characteristics of New 
Berlin till are due to the presence of 
very high amounts of crushed dolomite 
in all size fract i ons . Dolomite also 



dominates the stone sssemblage , which 
includes a wide variety of igneous and 
metamorphic rock type s . 

Illite is  the most abundant clay 
mineral of New Berlin till , const itut­
ing about 66  percent of the clay­
mineral complex; expandable clays and 
kaolinite plus chlorite are nearly 
equal in abundance , each accounting for 
17 percent of the total , as determined 
by H .  D .  Glass of tbe Illinois State 
Geological Survey ( table 1 ) . 

Till of  the New Berlin Formation is 
readily identified , therefore , by i t s  
high and divers ified pebble content , 
sandy texture , brown to yellowish-brown 
color , and high carbonate content . 
Where New Berlin till is  thin and con­
tains assimilated till from the under­
lying Tiskilwa Member of the Zenda For­
mat ion , as in and near the area of 
Alden ' s  ( 1 9 1 8 )  Elkhorn Moraine in Ha1-
worth County ,  it has a distinct pinkish 
cas t ,  contains less sand , more clay and 
i s  difficult to distinguish from the 
Tiskilwa . 

Moraine Relations 

The New Berlin Formation is corre­
lated with the Horicon Formation of the 
Green Bay Lobe and is also considered 
to equate with the Haeger Til l  Member 
of  the Wedron Formation of Illino i s  
(Wil lman and Frye , 1970) . The Haeger 
t i l l  and associated sand and gravel 
deposi t s  cover many square kilometers 
in northeastern Illinois , particularly 
in McHenry County, where they consti­
tute the West Chicago Moraine . In 
northwes tern McHenry County,  1 6  km 
south 0 the Wisconsin state lin e ,  the 
northwest-southeast-trending West Chi­
cago Moraine climbs onto the proximal 
(eas t )  side of the north-south-trending 
Marengo Moraine ( f i g .  2 ) . The morpho­
logical relationship is clear , espe­
cially when it  is  tied to the litho­
s tratigraphic evidence . The overlap of 
the Hest Chicago Moraine across the Ma-
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rengo Moraine i s  completed a kilometer 
or so north of  the state line , but nei­
ther the morphologic nor the strati­
graphic evidence is  so clear as farther 
south . 

The terminus of  the Delavan Sublobe 
was clearly the Darien Moraine , which 
trends northwest-southeast across Wal­
worth County and which is generally 
conceded to be equivalent to the West 
Chicago (Fricke "nd .Tohnson , in press ) .  
The possibility is  raised here that the 
two moraines may not be so related . 
This pos sibility is sugges ted by a re­
entrant along the moraine front and by 
a slightly different trend on opposite 
s ides of the reentrant . This pos sibil­
i ty is  further sugges ted by the pres­
ence of aligned depressions southeas t  
of  Ha1worth, "hich continue the trend 
o f  the front of the Darien Moraine 
northwest of Walworth and which are 
clearly transverse to the orientation 
of the l'les t  Chicago Moraine immediately 
to the south . The low area conceivably 
represents an ice-marginal trough at 
the snout of the Delavan Sublobe . 

The exact morphologic relationship 
of the Darien to the Wes t  Chicago Mo­
raine is obscure because the two mo­
raines meet in the same area as the 
transgression of the Wes t  Chicago Mo­
raine across the Marengo Moraine is 
completed ( f ig . 2) . Despite the fact 
that the Wes t  Chicago Moraine overlaps 
the Marengo Moraine , its north end de­
scends into the bedrock valley of Lake 
Geneva (Green , 196 8 ,  p .  C137 ) . Thus , 
the Hest Chicago Moraine could , in 
turn , be overlapped by the Darien . If 
this is indeed the case ,  the age dif­
ference does not appear to be substan­
t i a l ,  however . 

j.Jaukesha Drumlin Field 

The Delavan Sublobe (called the 
Delavan lobe by Alden) probably entered 
southeastern Wisconsin from the Lake 
Michigan basin sometime between 1 6  000 
and 14 000 years ago . The central part 



o f  the ice mass crossed the area headed 
about S .  45 to 50° W. , as indicated by 
s triae ( Chamberlin,  187 7 ,  p .  204 ) and 
by the orientation of drumlin axes in 
the Waukesha drumlin field , the lobe 
terminated on the southwe s t  in the 
northwe s t- southeast oriented Darien 
Moraine , as postulated by Alden ( 1 904 , 
1 9 18 ) .  

More than 600 drumlins and 
a ssociated elongate ridges are present 
in the Waukesha drumlin field , which 
was first described and mapped by Alden 
( 1918 , p. 30 ; pl . 1)  and which was more 
recently described and figured by 
Whittecar and Micke l son (1 979) . In the 
main part of the drumlin field in 
eastern and south-central Haukesha 
County,  the features are typically 
0 . 8  to 1 . 3  km long and 15 to 30 m high . 
Nearly all of the drumlins appear to be 
cored with gravel of the lower member 
o f  the New Berlin Formation . 

Like those of  the Green Bay Lobe 
and other drumlin field s ,  the drumlins 
of the Waukesha area show a radiating 
o r  fan-shaped pattern ( f ig .  2) . Mos t  
o f  the features i n  the main part o f  the 
f ield are oriented between S .  40° W. 
and S .  60° W. North of the latitude o f  
Waukesha , however , the trend becomes 
more wes terly , so that in north-central 
Waukesha County many of the drum l ins 
are oriented east-we s t .  Still  farther 
nort h ,  as in southeastern Washington 
County , the features assume a north­
west-southeast orientation ( f ig .  2 ) . 
I t  seems abundantly clear from the mor­
phologic evidence that the Delavan Sub­
lobe radiated to the wes t  and northwe s t  
a s  it  approached i t s  terminal pos it ion 
along thf' Ket t l e  Interlobate Moraine . 
Much mor field work is  needed in thi s 
area an�: farther north, however ,  in 

order to determine and confirm the 
s tratigraphic and areal relations of 
the several lithologic units known to 
be present between the Kettle Moraine 
and the western limit of red till  as­
s igned to the Ozaukee Member of  the Ke­
waunee Formation . 
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To the southwes t  along the main 
flow direct ion , the st rong linear pat­
tern grades into weakly fluted topogra­
phy, which in turn gradual ly deterio­
rates in the down-ice direction as the 
terminal pos i tion of the lobe is ap­
proached . Whi ttecar and Mickelson 
( 19 7 9 ,  p.  360) have stated that the 
density of drumlins decreases from 
about six drumlins per km2 nearly 50 km 
from the terminal moraine to almos t no 
drumlins about 10 km from the moraine ; 
they observed that it is nearly the 
s ame decrease as in the drumlin field 
of  the adjacent Green Bay Lobe . The 
southwe s t erly flow of the Delavan Sub­
lobe may wel l  have been impeded by the 
north-south-trending Marengo Moraine , 
which was overridden and blanketed with 
grayish brown till but which contribut­
ed its pink Tiskilwa till  to the basal 
load of the Delavan glacie r .  

Southern and Eastern Extent 
of the Delavan Sublobe 

The southern and eastern limi ts of 
the Delavan Sublobe are unknown . Alden 
( 1 904 , 1918) considered the southern 
l imit of the ice to be the Genoa Mo­
raine ( fig . 2) , a general east-west­
trending moraine but with dist inct con­
vexity to the south , which he mapped 
adjacent to the state line between the 
junction of the Marengo and Darien Mo­
raines on the . west and the Valparaiso 
Moraine on the eas t .  The Darien Mo­
raine was continued eastward by Alden 
( fig . 2) from the junction as a reces­
s ional moraine a few kilometers behind 
the Genoa Moraine . The rece s s i onal 
lUkhorn Moraine was likewise continued 
eastward, north of the recessional Dar­
ien posi tion. All three of these Dela­
van Sublobe moraines merge on the east 
with the Valparaiso Morainic Sys tem ,  
according to Alden ' s  interpretat ion . 

Although I concur with Alden that 
the areas in southeastern Halworth and 
wes tern Kenosha Counties mapped by him 
a s  the Genoa and Darien Moraines were 
covered by the Delavan Sublobe , I have 



been unable to identify and trace his 
end moraines . This entire area , in­
c luding southwe stern Racine County as 
wel l ,  is underlain almo s t  exclusively 
by stratified drif t  and is character­
i ze d  by a complex of kettle lake s , 
small kames , pitted outwash, ice­
contact slopes , remnants of unpi tted 
outwash surfaces , eskers , and other 
s tagnant-ice features .  In a few places 
the crests of northeast-southwes t­
oriented hills composed of New Berlin 
t i l l  and similar linear hill s  apparent­
ly made entirely of gravel rise some 5 
to 1 5  m above their surroundings .  The 
origin of this interesting area is not 
wholly clear , but it is currently in­
terpreted as s,tagnation moraine . The 
linear features composed of till are 
believed to be drumlins formed by the 
Delavan Sublobe flowing to the south­
wes t ,  but they were subsequently buried 
beneath supraglacial debris let down 
during a period of massive stagnation. 
Thi s  topography likely extended some 
unknown 'distance to the east and vTaS 
subsequently overrun by later advances 
of the Lake Michigan Lobe , so that it 
i s  now largely concealed beneath fine­
grained till belonging to the Oak Creek 
Formation. 

Horicon Formation 

The Horicon Formation (Mickelson 
and others ,  1983) consists of till and 
a ssociated sediment of the Green Bay 
Lobe , which covered much of  eastern 
Wisconsin in late Woodfordian time . 
North of Lake Winnebago the forma tion 
i s  buried beneath red till of the Ke­
waunee Formation,  but to the wes t  and 
s outh of  the red-till area the Horicon 
Formatior; is at the surface throughout 
a multi- ,lUnty area that covers much of 
the southeastern part of the state , in­
c luding the Wisconsin drumlin field . 
The deposits  of  the formation are 
bounded on the wes t  and south by the 
Johnstown Moraine and on the east by 
the Ket t l e  Interlobate Moraine ( f i g .  
2)  • 
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Till of the Horicon Format ion in 
southeastern Wisconsin is very similar 
to that of the New Berlin Formation , 
from which it  is areally separated by 
depos i t s  of the Kettle Moraine . Typi­
cally it is calcareous , yellowish-brown 
s tony sandy loam . The matrix of the 
t i l l  from twenty-four drumlins in Jef­
ferson County in the south-central part 
o f  the Green Bay Lobe average 72 per­
cent sand , 17 percent s i l t ,  and 1 1  per­
cent clay ( t able 1 ;  Allan , 1967 ) . The 
average gravel content of the same 
twenty-four samples was 27 percent . 
Calcium-carbonate equivalent ranged 
from less than 25 percent to more than 
4 5  percent , averaging 34 percent (Al­
lan ,  1967 ) . Till of the Green Bay Lobe 
(Horicon Formation) can be distin­
guished from till of the Lake Michigan 
Lobe (New Berlin Formation) presumably 
by its fewer Niagaran dolomit e  pebbles 
and its proportionally more abundant 
Ordovician dolomite clas t s . 

Although subuni t s  of the Horicon 
Formation are formally recognized on 
the wes t  side of the Green Bay Lobe in 
Langlade and !1arathon Counties (Maple­
view Member) and on the east side of  
the Green Bay Lobe in Door and Kewaunee 
Counties (Liberty Grove !1ember) , the 
format ion is undifferentiated in south­
eastern Wiscon s in . 

The Horicon Format ion is  correlated 
with the New Berlin Formation of the 
Delavan Sublobe and with the Haeger 
Till Member of the Wedron Format ion in 
Illino i s  (Willman and Frye , 1 970) . 
Maher ( 1 98 1 )  recently presented evi­
dence from Devils Lake to show that re­
treat of the Green Bay Lobe from the 
Johnstown Moraine began about 12 500 
years B . P .  Two wood dates of 12 800 + 
2 20 B . P .  (WIS-48 ;  Black and Rubin ,  
1 9 6 8 ,  p .  104 , Ill) and 1 3  120 + 130 
B . P .  (WIS-431 ;  Black , 197 6 , p.  97) at­
test to the growth of a spruce forest 
in the deglaciated area of  the Green 
Bay Lobe somewhat earlier , however .  



Thus , the Horicon Format ion appears to 
be at least 13 500 years old ; it was 
probably depos i ted in southeastern 
Wisconsin about 14 000-15 000 years 
ago . 

Oak Creek Formation 

The coarse-grained New Berlin For­
mation i s  overlain by a much finer tex­
tured unit named by Schneider (Mickel­
son and others , 1983) the Oak Creek 
Formation� The uni t  takes its name 

from the City of Oak Creek south of 
M il,,,aukee ; the type section is a Lake 
Michigan bluff exposure just north of 
the Oak Creek Power Plant in the south­
east ern corner o f  Milwaukee County . 

The Oak Creek Format ion includes 
f ine-grained till , lacustrine clay , 
s i l t ,  and sand ; and some glaciofluvial 
sand and gravel .  The lacustrine and 
g laciofluvial sediments seem to be more 
characteristic of the forma tion near 
Lake Michigan than farther wes t ,  where 
the unit is predominantly t i l l .  Al­
though its maximum thicknes s  is un­
known , bluff exposures alsong the Lake 
Michigan shoreline in southern Milwau­
kee County show that the Oak Creek For­
mation reaches a thickness of at least 
.3 5 m in some places . 

The Oak Creek Formation occurs as 
the surface drift in a north-south belt 
that extends from the Illinois state 
l ine northward through Kenosha , Racine , 
M ilwaukee , and eastern Waukesha Coun­
ties into Ozaukee and Hashington Coun­
ties ( f i g .  2) . The eastern boundary of 
the formation from the state line 
northward to Racine is the lacus trine 
plain of �lacial Lake Chicag o .  Between 
Racine and Milwaukee the formation ex­
tends to Lake Michigan, and from Mil­
waukee northward it is overlapped by 
the Ozaukee Member of the Kewaunee For­
mation,  which borders the lake in this 
area and farther north. The western 
l im i t  of the Oak Creek Forma tion , at 
least through Kenosha , Racine , and 
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southeastern Waukesha Counties , i s  the 
Valparaiso Moraine, whose distal margin 
i s  followed , in genera l ,  by the south­
ward-flowing Fox River ( fig . 2) . North 
o f  here , in the Muskego area , the Val­
paraiso Moraine becomes subdued and i s  
apparently overridden by the Tinley 
Moraine, which carries the Oak Creek 
Formation northward for another 50 km 
or so . 

In add i tion to being the surface 
drift in the Valparaiso Moraine , the 
Oak Creek Formation i s  the principal 
component of the Tinley Moraine and the 
several ridges of the Lake Border Mo­
rainic Systeme It als o ,  of course , un­
derlies the ground moraine areas be­
tween the end moraines . East of the 
front of the Tinley Moraine , which Al­
den ( 1 9 18 )  considered to be the outer­
most member of the Lake Border sys tem ,  
Oak Creek till  i s  generally much thick­
er than farther west .  

Oak Creek till everywhere i s  
s trongly calcareous and fine grained , 
normally containing between 80 and 95 
percent silt  and clay in the matrix. 
The texture of the till ranges from 
s ilty clay through clay loam and s i lty 
c lay loam to silt  loam. Most commonly,  
however , the depo s i t  is either a silty 
c lay or s i lty clay loam till . The av­
erage composit ion i s  about 1 2  percent 
sand , 44 percent silt , and 44 percent 
c lay ( table 1) . Stones are small and 
not terribly abundant .  Dolomite domi­
nates the pebble assemblage , but the 
t il l  contains a considerable var iety of 
igneous and metamorphic rock types from 
the Canadian Shield ; basalt is particu­
larly common. The igneous and metamor­
phic rock assemblage is neither so rich 
nor so varied as in the New Berlin For­
mat ion , however �  Perhaps the most di­
agno s t i c  item is the presence of dark 
gray shale chips , which presumably were 
derived from the Lake Michigan basin . 

Illite i s  the dominant clay mineral 
in the less-than-2.-).lm fract ion of the 
t i l l ; i t  averages 7 2  percent o f  the 



c lay-mineral composition.  Expandable 
c lay minerals and kao l inite plus chlor­
i t e  are about equal--15 and 13 percent , 
respectively , according to analyses 
made by H. D. Glass of the Illinois 
State Geological Survey. 

Oak Creek t i l l  normal ly has a lOYR 
hue . The color of the oxidized till  
nearly everywhere is brown ( l OYR 4/3 to 
1 0YR 5/3) , yellowish brown ( l OYR 5/4 to 
1 0YR 5/6 ) , or dark yellowish brown 
( lOYR 4/4 ) . In a few places it has a 
7 . 5YR hue ( 7 .  5YR 4/4 .  brown) . Hhere 
the till  is unoxidi z ed , i t  is gray 
( lOYR 5/1 ) . 

During the several advances of the 
Lake Michigan Lobe that were responsi­
ble for the Oak Creek t i l l ,  the ice 
moved out of the Lake Michigan basin 
wi th a more westerly heading than 
marked the advance of the Delavan Sub­
lobe . Hhereas ice of the Delavan Sub­
lobe flowed S .  45° H. across south­
eastern and south-central Waukesha 
County, northwestern Racine County , and 
eastern Walworth County ,  later move­
ments appear to have been almost due 
west . Thi s  is suggested in Kenosha and 
Racine Counties by the general north­
south orientation of all end moraines 
that are made of Oak Creek t il l .  Far­
ther nort h ,  in Milwaukee , northeastern 
Waukesha , southeastern Washington, and 
southern Ozaukee Counties , most of 
these ridges show a distinctly westward 
bulge , but the nature of their convexi­
ty s t i l l  suggests ice flow from east to 
west .. 

East-wes t  flow of the Lake Michi­
gan Lobe is supported by the orienta­
t ion of glacial striae . At the Vulcan 
Materials Company new quarry on the 
north side of Racine , for example � 
striations strike about s .  80° H .  At 
the old Horlick quarry on the Root Riv­
er in Racine , now known as Quarry Lake 
Park , Alden ( 1 918 , p .  203) observed 
striae trending S .  83 to 93 ° W. At the 
o ld Moody quarry on the north slope of 
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the Menomonee Valley in mid-Milwaukee ,  
s tr ia tions oriented S .  86 ° W.  were re­
ported by Chamberlin ( 1 87 7 ,  p .  201 ) . 

Valparaiso Moraine 

Many of the concepts presented in 
this paper differ significantly from 
those presented elsewhere . Some of 
these differences arise from correla­
t ion and nomenclature problems ; others 
are the obvious result of differences 
in interpretation from other workers 
and from state to state . Among these 
differences are the temporal and spa­
t ia l  relations of the Valparaiso Mo­
raine , and it seems desirable to dis­
cuss these relations briefly at this 
point . 

In northern Illinoi s  as many as 
nine named moraines are recognized 
within the Valparaiso Morainic System 
(Hi l lman and Frye , 1970 , p .  lll-I l 3 ;  
p I .  1 ;  Hil lman , 1971 , p .  47 , 54-5 5 ;  
f i g .  16) , although some o f  the moraines 
that may be contemporaneous are given 
d i f ferent names in different areas 
(Hillman , 197 1 , p. 47) . Three of these 
named moraines are mapped by the Illi­
nois State Geological Survey to the 
Wisconsin state line (Hillman and Frye , 
1970,  pI . 1 ;  Wil lman, 197 1 , fig . 16 ) ;  
the outermost of these is the \Jest Chi­
cago Moraine , and east of the \Jest Chi­
cago are the Cary and Fox Lake Moraines 
( f i g .  2) . Behind (east o f )  the Fox 
Lake Moraine , the Valparaiso is undi f ­
ferentiated . 

The relationship of the Hes t  Chica­
go Moraine to the Darien Moraine has 
already been discussed .. The continua­
t ion of both the Cary and Fox Lake 
Moraines in Wisconsin is obscure or un­
recognizable . Thus only the undi f fer­
entia ted Valparaiso can be carried 
northward into Wisconsin with certain­
ty. For this reason and also because 
the distal edge of the und if ferentiated 
Valparaiso closely coincides with the 
western limit of the Oak Creek Forma­
t ion , I recogni z e  only this moraine as 



the Valparaiso . Such recognition is  in 
virtual accord with the nomenclature 
used by Alden ( 1 90 4 ;  1918,  p .  2 3 1 ;  pl . 
4 ) . Thus , the distal edge of  the Val­
parai so in Wisconsin is offset from the 
d istal edge of the Valparaiso system in 
Illino i s  by about 32 km at the state 
l ine . 

My interpretation of the age rela­
t ionship of the Valparaiso Moraine to 
the Dar i. en Mo raine is not in agreement 

with Alden ' s  interpretation , however . 
According to Alden ( 1 9l8 , p .  231 ) , the 
moraines of the Delavan Sublobe are 

" . • • the correlatives and direct con­
t inuations of the Valparaiso morainic 
system of southern Kenosha County"--a 
relationship that Alden reiterated in 
many statements . "It appears that the 
main front of the glacier continued at 
the broad morainal belt bordering the 
Fox River in Kenosha County and for 
some distance to the southward during 
the whole time of the Delavan lobe and 
of  i t s  melting back to eastern Waukesha 
County" (Alden, 1918,  p .  2 31 ) . 

My own investigations indicate that 
southeastern Wisconsin was covered by 
the Delavan Sublobe prior to the ad­
vance of the Lake Michigan Lobe to the 
p os i tion of the Valparaiso Moraine and 
that the Valparaiso Moraine is younger 
than the Darien,  rather than correla­
t ive with it ( Schneider , 1982 ) .  These 
conclusions are based upon ( l )  the 
l i thologic difference between the till 
unit s  of the New Berlin and Oak Creek 
Formations , ( 2 )  stratigraphic superpo­
s i t ion of the Oak Creek Formation above 
the New Berlin Formation,  and ( 3 )  topo­
graphic unconformi ty between the 
northea s "  -southwest-oriented landforms 
formed by the Delavan Sublobe and the 
north-south orientation of the Valpa­
raiso and younger end moraines , which 
truncate the obliquely trending fea­
tures . 
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Glacial Lake Milwaukee 

Wastage of the Delavan Sub10be pri­
or to the depos i tion of the Oak Creek 
Formation was apparently accompanied by 
general withdrawal o f  the ice from 
eastern Wisconsin into the Lake Michi­
gan bas in.  Although there is strong 
evidence to indicate that the duration 
o f  this withdrawal was fairly short , 
the d i s tance of the withdra.ral mus t  
have been substantial . The ice front 
probably receded to a pos i tion rela­
t ively far north in the Lake Michigan 
basin--at least sufficiently far to al­
low the formation of a sizable progla­
c ial lake in the southern part of the 
bas i n .  The existence of such a lake , 
here called glacial Lake Milwaukee ,  is  
inferred from the fact that when the 
Lake Michigan Lobe readvanced into 
southeastern Wisconsin and northeastern 
Illinois , i t  laid down a much finer 
grained deposit (Oak Creek till in Wis­
consin , IVadsworth till in Illino i s )  
than that o f  the underlying New Berlin 
Formation . Oak Creek till  is not only 
much less stony than New Berlin till , 
but the matrix contains nearly 50 per­
cent less sand and therefore a total of 
50 percent more silt and clay than New 
Berlin till ( table 1 ) . This drastic 
difference in grain size can bes t  be 
explained by the erosion and incorpora­
t ion of fine-grained lake sediment . 
Scouring of the bedrock floor of the 
lake and assimilation of shale does not 
appear to be a wholly adequate explana­
tion, though this certainly mus t  also 
have occurred , as indicated by the 
abundance of shale chips in the t il l .  
I f  a proglacial lake was i n  fact pres­
ent in the southern part of the Lake 
Michigan bas in between the Valparaiso 
and Tinley advances , as postulated ini­
t ially by Bretz ( 1951 , p .  404-406 ; 
1955,  p .  107 ) and subsequently accepted 
by Hough ( 1 9 5 8 ,  p .  164-165 ; 1963 , p .  
90 ) ,  surely a much larger lake existed 
immediately prior to the advance of the 
Lake Michigan Lobe to its Valparaiso 
position . 



The extent and level o f  glacial 
Lake Milwaukee are unknown. No signif­
icant sequence of fine-grained lacus­
trine sediments between the New Berlin 
and Oak Creek Format i ons has yet been 
d i scovered to verify the exi stence of 
the lake . Nearly all of the area be­
tween the Fox River and the Lake Michi­
gan shoreline is underlain by thick 
post-New Berlin t i l l ,  particularly east 
o f  the distal margin of the Tinley Mo­
raine . Thus , the stratigraphic record 
o f  Lake Milwaukee would only be seen in 
the subsurface , if indeed the level of 
the lake was sufficiently high to per­
mit transgression very far inland b,,� 
yond the modern shoreline . This possi­
bility seems very unlikely , inasmuch as 
the highest known subsequent stages in 
the southern part of the lake basin 
( Glenwood I and Glenwood II) attained 
levels only 18 m higher than the pres­
ent lake . The stratigraphic record of 
Lake Milwaukee ,  therefore , may be pres­
ent only in the lake basin prope r ,  and 
most of that record could well have 
been removed by the deep scouring of 
the basin that is  attested by the abun­
dance o f  shale in the Oak Creek t i l l .  
Thus , i t  is unlikely that the extent of 
glacial Lake Milwaukee can be accurate­
ly determined . It does seem probable , 
however , that all or much of the south­
ern Lake Michigan basin was occupied by 
the lake , in order to account for the 
high percentage of fine-grained materi­
als in the tills that comprise much of 
the Valparaiso , Tinley, and Lake Bor­
der Moraines , which enclose the south 
end of the lake basin in southeastern 
Wisconsin, northeastern Illino i s ,  and 
northwestern Indiana . 

Valparaiso and Tinley Advances 

Despite its  apparent size , Lake 
Milwaukee appears to have had a rela­
t ively short l i f e ,  because stagnant 
masses of the Delavan Sub lobe had not 
completely melted before being overrun 
during the earliest advance o f  the Lake 
Michigan Lobe to deposi t fine-grained 
till  of the Oak Creek Formation .  The 

78 

ice pushed westward to the longitude of 
the Fox River , where i t  terminated at 
the Valparaiso Moraine on the east side 
o f  the Fox River valley in Kenosha , Ra­
c ine , and southeastern Waukesha Coun­
t ies ( f ig .  2) . Except for part of 
southern Kenosha County, however , Oak 
Creek till in and behind the Valparaiso 
Moraine is  relatively thin . Much of 
the relief within the moraine reflects 
an older stagnation topography, presum­
ably related to the Delavan Sublobe,  
that is veneered with a thin , irregular 
blanket of Oak Creek till.  Kames and 
s imilar topographic element s  composed 
o f  ice-contact strati f i ed dri f t  are re­
sponsible for much of the relief of the 
moraine. 

From its Valparaiso terminus the 
ice either backwasted to the Tinley Mo­
raine or retreated some unknown dis­
tance and then readvanced to the Tinley 
posi t ion ( f i g .  2) . Morphologic evi­
dence and limited data on grain-size 
distribution strongly suggest that re­
t reat and readvance is the more likely 
possibili ty.  The greater thickness of 
Oak Creek till east of the Tinley mar­
g in has already been mentione d .  Pa­
l impsest landforms such as those in the 
Valparaiso belt are absent east of the 
Tinley front , and windows of pre-Oak 
Creek dri f t  are unknown . 

The most visible expression o f  the 
d i fferential thickness of the Oak Creek 
Formation east and west of the Tinley 
front can be seen in the ditribution o f  
ice-block depress ions . From the Tinley 
Moraine eastward to the Lake Michigan 
shoreline , in a belt 19 to 25 km wide 
through eastern Kenosha , eastern Ra­
c ine , and Milwaukee Counties , not a 
s ingle natural lake marks the land­
scape. West of the Tinley front , by 
contrast ,  the topography is character­
i z.ed by numerous kettle lakes . About 
30 named lakes of moderate to large 
s ize .occur in a belt that extends from 
the Illinois state line northward 
through western Kenosha and western Ra­
c ine Counties into southeastern Wauke-



sha County;  there the lakes terminate 
in the rluskego area , where the Valpa­
raiso rloraine is subdued and overlapped 
by the Tinley front . Even a casual ex­
amina tion of a state highway map re­
veals the approximate boundary between 
the lake belt to the wes t  and the lake­
deficient zone on the eas t .  U . S .  High­
way 45 roughly parallels the distal 
edge of the Tinley Moraine ; in some 
places the road and the morainic front 
a re nearly coincident , in other places 
the highway is about 3 km east of the 
front . Only a single lake is present 
east of the highway , and this occurs 
between the moraine and the highway, 
where the latter is wes t  of the dis tal 
margin.  

While it  is true that many of these 
lakes are in the Valparaiso rloraine, 
many ocur wes t  of the moraine in asso­
ciation with pitted outwash and 
s tagnant-ice features . Thus it appears 
that their occurrence within the Valpa­
raiso Moraine is related to the kames 
and other stagnation features that pre­
date the deposition of Oak Creek till . 
1 conclude , therefore , that although 
the eastern edge of the lake belt is 
c learly limited by the distribution of 
thick Oak Creek till in the Tinley Mo­
raine , the western extent is totally 
unrela ted to the wes tern edge of  the 
Oak Creek till sheet . 

In summary , then , a large area of 
s tagnant ice of the Delavan Sublobe was 
overrun from the east by the Lake Mich­
igan Lobe , which was carrying a rich 
subglacial (and englac ia1? ) load of  
fine-grained lacustrine sediment de­
rived from glacial Lake Milwaukee .  The 
ice pu,: led westward to the Valparaiso 
Moraine , but in doing so it  left only a 
thin blanket of basal Oak Creek till-­
perhaps because the ice was thin or 
perhaps because the time of depos i tion 
was short ,  as suggested by Wil lman 
( 1 9 7 1 ,  p .  55 ) .  In any event , the 
thickness of the deposit was insuffi­
cient in most places to alter signifi­
cantly the general character of the 

79 

landscape . The ice front then withdrew 
an unknown distance to the eas t ,  per­
haps into the lake basin,  and then re­
advanced to its Tinley Moraine posi­
t ion . During this readvance , however ,  
a much thicker layer of basal Oak Creek 
t i l l  was laid down , sufficiently thick 
to bury and obscure the stagnant-ice 
topography beneath . Only that part of 
the older terrain west of the Tinley 
front was thus preserved for the geo­
morphic record .. 

Retreat and readvance of the Lake 
Michigan Lobe to the Tinley Moraine-­
rather than simple recession of the ice 
front to that pos i tion--is supported 
by preliminary grain-size s tudies , 
which indicate that till of the Tinley 
advance is finer grained than that of 
the Valparais o .  Samples o f  Oak Creek 
till from the Tinley rloraine contain, 
on the averag e ,  about 8 percent less 
sand and 14 percent more clay than 
Valparaiso samples . The lower clay 
content of the Valparaiso facies is 
partially compensated by a higher silt 
content , howeve r ,  so that total silt  
and clay in the Tinley samples averages 
only 8 percent greater than in the Val­
paraiso . Nevertheless , the ratio of 
silt  and clay to sand in till of the 
Tinley Moraine ( 1 2  to 1) is more than 
twice that in the till of the Va lparai­
so advance ( 5 . 5  to 1 ) .  Only three of 
the 21 samples of presumed Tinley till 
that were analyzed contained less than 
90 percent total silt  and clay ; two of 
these samples were collected at the 
edge of the Tinley Moraine , and the 
value for the third sample was 89 per­
cent . Only two of 25 samples of Valpa­
raiso till analyzed contained more than 
90 percent silt and clay , although many 
values were in the mid to high 80s . 

Although it  has been stated (Hough , 
1 963 , p .  90) that Tinley till contains 
a higher percentage of silt and clay 
than the Valparaiso due to the incor­
poration of lake deposits from Early 
Lake Chicago , an actual difference in 
grain-si z e  distribution has never been 



d emonstrated . Deposits in the two mo­
raines have been considered to be in­
distinguishable , both in northeastern 
Illinois (Bret z ,  1955 , p .  8 1 )  and 
northwestern Indiana ( Schneider , 196 8 ,  
p .  275) , as well as in Wiscons i n .  "To 
the eye and hand , the Valparaiso till 
is indistinguishable from the Tinley , "  
Bre t z  stated , but added " i t  is possible 
that mechanical analyses may someday 
show differences between the two . " 

Whether the finer texture of the 
Tinley facies described above can be 
attributed to the assimilation of addi­
t ional fine-grained lacustrine sedi­
ments from the Lake Michigan basin 
(Early Lake Chicago? )  is unknown . The 
Valparaiso facies may simply be more 
sandy due to the incorporation of sand 
from the underlying New Berlin Forma­
tion . In either case or in both , how­
ever , the dif ference in grain size ar­
gues for a distinct retreat of the ice 
following its Valparaiso phase and a 
subsequent readvance to the Tinley po­
sition .  Hopefully, this difference can 
be substantiated by additional analyti­
cal dat a .  

Lake Border Advances 

Evidence for subsequent act ivity of 
the Lake Michigan Lobe that resulted in 
the depos i t ion of Oak Creek till is not 
so convincing and therefore will be on­
ly briefly outlined in this paper . At 
least five (pos t-Tinley) moraines of 
the Lake Border Morainic System can be 
recognized in southeastern lVisconsin , 
but all are not present in a given ar­
e a .  The general features of the Lake 
Border system were well described by 
Alden ( .9 1 8 ,  p .  301 ) ,  who stated that 
"although, in large par t ,  these ridges 
are clearly marked and are distinctly 
separated , so as to give the peculiar 
north-south trend to the drainage 
l ines , they are cut through at inter­
vals by streams , and in some places 
contiguous ridges coalesce , so that 
there may be differences of opinion as 
to their exact correlation . "  Correla-
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t ion of these ridges with the five 
named moraines of the Lake Border sys­
tem in Illinois (Park Ridge , Deerf ield , 
Blodgett , Highland Park, and Zion City) 
is indeed virtually impossible except 
for the Highland Park Moraine , which 
can be traced across the state line . 

The number of actual readvances of 
the ice represented by these five re­
cessional moraines is unknown, but it  
appears probable that there were at 
least two . Tbe first is represented by 
the outermos t  moraine of the system, 
which is bordered on the wes t by a 
distinct ice-marginal trough floored 
with outwash sand and gravel . In some 
places the trough is ditched ; in other 
places it is par tially used by underfit 
natural streams , including segments of 
the Root and Des Plaines Rivers (fig . 
2 ) . The second moraine that appears to 
represent a distinct retreat and read­
vance is informally called the Petrify­
ing Springs moraine, which in Kenosha, 
Racine , and southeastern Milwaukee 
Counties is the innermos t  ridge of the 
Lake Border system (fig . 2 ) . Farther 
north , in the City of Milwaukee ,  at 
least one additional (younger) moraine 
is present . The Pet r ifying Springs mo­
raine has the greatest relief and is 
the most distincve moraine o f  the sys­
tem . It correlates with the Highland 
Park Moraine of northern Illinois . 

Analyses of five Oak Creek samples 
from the outermost Lake Border moraine 
suggest that the texture of the matrix 
of the till is similar to the Tinley 
facies . Analyses of a larger number of 
samples ( 1 7 )  from the Petrifying 
Springs moraine south of Milwaukee 
suggest that the till in this ridge is 
somewhat coa.rser grained than that of 
the Tinley and Lake Border phases , but 
not so coarse as that of the Valparai­
s o .  Tbe stati s t ical validity of these 
data has not been tested , and thus it  
i s  recognized that these statements of 
poss ible differences may be unwarrant­
ed . 



For a more thorough discussion of 
the texture and clay mineralogy of the 
Oak Creek till  and its Illino i s  equiva­
lent (Wadsworth Till Member of the \,ed­
ron Formation) , the reader is referred 
to a companion paper in this volume by 
Hansel ( 1983) . 

Kewaunee Formation 
Ozaukee Member 

Stratigraphically above the Oak 
Creek Forma tion is the Ozaukee Member 
o f  the Kewaunee Formation (Mickelson 
and others ,  1983 ) . The Ozaukee is one 
o f  the eastern Wisconsin red clay tills 
that were formerly mapped as a single 
unit called the "Valders till"  
( Thwa i tes , 1943 ; Thwaites and Bertrand , 
1957 ) ;  the Valders till has recently 
been subdivided into many stratigraphic 
uni t s  based on lithologic characteris­
t ics and stratigraphic relations (Even­
s on ,  197 3 ;  Micke lson and Evenson, 197 5 ;  
Acomb and others , 1982 ; McCartney and 
Hickelson , 1982 ; Mickelson and others , 
1983) . 

The Ozaukee is the southernmost and 
o ldest o f  the late Wisconsinan red 
clayey tills of the Lake Hichigan Lobe , 
having been deposited about 12 500 to 
13 000 years ago .  Because of litho­
logic similarity and because it over­
l ies the Oak Creek Formation ,  the Ozau­
kee Member probably correlates with the 
Shorewood Ti ll Member of the Wedron 
Formation,  which was named and mapped 
from core samples under Lake Michigan 
by Lineback and others ( 1 974) . The 
correlation o f  lake-bottom tills  with 
onshore tills remains somewhat uncer­
tain , despite the acquis i tion of con­
s iderabl< data on deposits  from both 
environ," lts (Lineback and others , 
1 9 7 4 ;  AC0mb , 1978 ; Acomb and others , 
1 982 ; Hansel,  1983 ) . 

The Ozaukee Hember occurs at the 
top o f  the Lake Michigan bluff in a 
belt that extends from the City o f  Hil·­
waukee northward through l1ilwaukee and 
Ozaukee Counties to about the Sheboygan 
County line ( fig . 2) . It extends in­
land from the lakeshore to Alden ' s 
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( 1 9 1 8 )  red- t i l l  boundary , which roughly 
parallels the ice-marginal Milwaukee 
River .  Distinctive end-moraine topog­
raphy marks the wes tern limit of the 
uni t  in some places . 

Till of the Ozaukee Member is easi­
ly distinguished from all other tills 
i n  southeastern Wisconsin by the combi­
nation of its fine-grained texture and 
i ts reddish color . The till is typi­
cally silty clay or silty clay loam; 
grain-size analyses of the till matrix 
indicate average composit ion of 13 per­
cent sand , 47 percent silt , and 40 per­
cent clay ( table 1; Acomb and others ,  
1982 ) . In terms of its mechanical com­
position, therefore , Ozaukee till  is 
s imilar to Oak Creek till ( table 1) , 
particularly to the Valparaiso facies 
of Oak Creek t i l l .  Its reddish brown 
( 5YR 4/3) to light reddish brown ( 5YR 
6/3)  color , however , serves to distin­
guish it from the yellowish-brown to 
brown Oak Creek till . 

X-ray analyses (Acomb and others ,  
1982 , p .  292-293) indicate that approx­
imately 60 percent of the clay-mineral 
fraction is  illite;  the expandable clay 
minerals and kaol inite plus chlorite 
both average about 20 percent ( table 
1) . The high illite content is  be­
l ieved to be an important parameter in 
distinguishing the Ozaukee Member from 
other members of the Kewaunee Formation 
farther north (Mickelson and others ,  
1983 ) , but based on a limited numbe r  of 
analyses of my own samples by H .  D .  
Glass 60 percent illite appears t o  be 
somewhat high for average Ozaukee t i l l .  

Peoria Loess 

In addition to the fi ve rock­
s t ratigraphic units of the Hoodfordian 
Substage described above , deposi t s  of 
Peoria loess are also present in south­
eastern Wisconsin ( fig . 1) . Behind the 
Hoodfordian ice boundary , the loess is 
relatively thin and d i f ficult to iden­
t ify.  Where present , it is typically 
between 0 . 3  and 0 . 6  m thick, and thus 
i t  does no t normally extend below the 
bottom of the solum. 



Beyond the Woodfordian moraines , 
a s  iII southwestern Walworth County and 
farther west where Peoria loess over­
l i e s  older tills of the Altonian Sub­
s tage , the loess blanket is considera­
bly thicker . On many upland surfaces 
i t  is typically 1 . 2  to 1 . 5  m thick, and 
i n  some places it is  undoubtedly thick­
e r .  Its maximum thickne s s , which is  
probably on the east side of  the Rock 
River valley train , has not been deter­
mined . 

The Peoria loess is not recognized 
as a formal rock-strat igraphic unit in 
Wisconsin at this time . Although the 
bulk of the deposit is considered to be 
Woodfordian in age ,  some is no doubt 
younger , as in Illino i s  (Willman and 
Frye , p .  61 ,  fig . 8 ;  p .  65-6 6 ) . 

Lacustrine Deposits 

Whereas the Ozaukee Member overlies 
the Oak Creek Formation along the Lake 
Hichigan shoreline north of Milwaukee ,  
south of Milwaukee the Oak Creek Forma­
tion is  overlain by various lacustrine 
and some eolian deposits that range in 
age from very late Woodfordian to Holo­
cene ( f i g .  1) . The lacustrine sedi­
ments include deeper water silt and 
c lay--consisting of both massive and 
rhythmic deposits , and shallow water or 
beach sand and gravel . Some of these 
sediments were deposited in and around 
glacial Lake Chicago about 12 500 to 
1 0  000 years ago . Younger lake sedi­
ments associated with the Algonquin , 
Nipis s ing , and Algoma stages are also 
present , as well as modern shoreline 
deposi t s .  ( Schneider , Edi l ,  and Haas , 
1 97 7 a , b ;  Schneide r ,  Sander , and Larsen, 
1 97 9 )  • 
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ABSTRACT 

A truncated paleosol believed to 
have formed during the Sangamonian Age 
i s  wel l  exposed in the highwall of a 
gravel pit near East Troy in northeast­
ern WahTOrth County , Wisconsin. If our 
interpretation is correct ,  this paper 
reports the first posi t ive identi fica­
t ion of a buried Sangamon Soi l  in the 
area of late Wisconsinan glaciation in 
the State of Wisconsin . 

The soil - is  formed in the upper 
part of a thick sand and gravel outwash 
unit and is overlain by calcareous pink 
loam till that is considered to be the 
Tiskilwa till of northeast Illinois and 
southeast Wisconsin. The main horizon 
of the paleosol is interpreted as the 
Bt horizon of a well-drained Alfisol 
( Gray-Brown Podzolic) belonging to the 
suborder of Udalfs . It is  a dark 
reddish-brown, highly argilli c ,  severe­
ly weathered zone in which many of the 
clasts are in an advanced state of de­
compositions In several places the 
soil has large vertical pendants that 
hang below the usual base of the soil 
by as much as a meter . A detailed soil 
profile jescription, which includes 
laboratory data on grain- s i z e  dist ribu­

t ion and clay-mineral composition,  
through one such pendant i8  presented 
to substantiate our interpretation of 
the weathered zone as the Sangamon 
S i t e .  
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"Jhen the site was first examined a 
decade ago , the upper part of the pale-
0801 appeared to be developed in two 
parent materials , the outwash and an 
overlying thin finer grained deposit 
interpreted as ( I llinoian) til l .  A 
thin bed of light yellowish-brown sil t ,  
possibly loess o f  Altonian age , was ob­
s erved between this older till and the 
Tiskilwa till above . The upper few 
centimeters of the silt were darker in 
color and suggest ive of an incipient 
paleosol (Farmdale ? ) .  Enlargement of 
the pit during the past few years has 
resulted in removal of the apparently 
wedge-shaped intermediate uni t s ,  so 
that today Tiskilwa till is seen rest­
ing directly on the paleosol developed 
in the outwash" 

Near the center of  the pit wall the 
Sangamon Soi l  reaches the modern sur­
fac e ,  and both the soil and overlying 
Tiskilwa till are absent in the south 
part of the pit . Here the outwash is 
overlain by younger sandy-loan till be­
longing to the New Berlin Formation 
( equivalent to the Haeger Til l  Member 
of Illinois terminology ) . The contact 
zone involving the three units is un­
usual and creates a local stratigraphic 
problem because the till units abut 
against each other and New Berlin till 
actually underlies the Sangamon Soil 
for a short dis tance. The relationship 
is interpreted to be the result of de­
formation that occurred during deposi­
t ion of the New Berlin til l .  



INTRODUCTION 

In Walworth County,  about 1 . 5  krn 
southwe s t  of East Troy, the remains of 
a buried soil are exposed under t i l l  in 
the west-facing high wal l  of a gravel 
p i t  under a continuous deposit of till . 
The pit  is located in the NW corner of 
Sec . 31 , T .  4 N. , R. 18 E . , just north­
east of the overpass on Wisconsin High­
way 15 over Townline Road in the town 
of Spring Prairie.  The pit is  operated 
i.ntermi ttently by B .. R .. Amon and Sons 
of Bowers . 

The prominent feature of the paleo­
osol is a weathered and oxidized , clay­
enriched (argillic Bt) horizon devel­
oped in an outwash of cobbly sand and 
gravel . The soil was truncated and 
disturbed by overriding glaciers that 
deposi ted at least two younger tills . 
Based on soil characteristics and 
s tratigraphic pos i t ion , we conclude 
that this paleosol is the Sangamon 
Soi l .  

Buried or relict  soi l  profiles of 
possible Sangamonian age have been re­
ported from several locall t ies in Wis­
consi n  beyond the late Wisconsinan gla­
c ial boundary , mostly in the Driftless 
Area ; the interpretations of most of 
these sites have been challenged . To 
our knowledge , the Sangamon Soi l  has 
not previously been identified from any 
site  behind the Late Wisconsinan (Wood­
fordian) boundary . Therefore , if our 
interpretation of the East Troy site is  
correct ,  this paper reports the first 
identification of the Sangamon Soi l  in 
the area of Late Wiscons inan glaciation 
in tbe State of Wisconsi n .  

The site was first vis ited by 
Schneider in 197 2 � It was independent­
ly discovered , probably in 197 3 ,  by 
David W. Hadley, formerly with the Wis­
consin Geological and Natural History 
Survey . Similar interpretations of the 
geology were made by Schneider and P�d­
ley, who subsequently examined the site 
together in 197 5 .  Period i c  visits  to 
the site  were made by Schneider with 
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his classes between 1975 and 1980 . 
Schneider ,  Follmer , and Ardith Hansel 
of the Illinois State Geological Survey 
s tudied the site in 1982 . 

STRATIGRAPHY 

The soil is overlain by 1 to 6 m 
o f  pink calcareous loam t i l l  that is 
believed to belong to the Tiskilwa Mem­
ber (Early Woodfordian) . The Tiskilwa 
Nember is the upper part of the Zenda 
Formation in the new Pleistocene litho­
stratigraphic classificat ion in Hiscon­
s in (Nickelson and others , 1983) and 
correlates with the Tiskilwa Til l  Nem­
ber of the Wedron Formation in Illinois 
(Hillman and Frye , 1970) . The pinkish 
gray to brown color of the til l ,  the 
grain-size distribution of the matrix 
( 4 5  percent sand , 34 percent sil t ,  21 
percent clay) , * and the clay-mineral 
composition (24 percent expandable 
c lay , 64 percent i l l i t e ,  12 percent ka­
o lini te plus chlorite) are typical of 
Tiskilwa till  in southeastern Wiscon­
s in .  The till  is now known to occur at 
or near the surface throughout much of 
central and eastern Walworth County, 
especially in a belt 11  to 18 krn wide 
from the Illinois state line northward 
to the Kettle Interlobate Moraine 
( Schneider , 1983 ) . It has been ob­
served at many sites near the East Troy 
p i t  and was wel l  exposed southwes t  of 
the pit a few years ago during con­
struction of new Wisconsin Highway 1 5 .  

The soil i s  formed i n  the upper 
part of a thick unit of wel l-stratified 
outwash sand and gravel with many cob­
bles in the upper part . The thickness 
of the outwash exposed in the pit face 
is estimated to be about 15 m .  

* Grain-size boundaries used in this 
paper are 2 mm ,  0 . 0625 mm ,  0 . 004 mm 

and percentages are based on the 
less-than-2 mm fraction. Clay miner­
al identifications were made by H. D .  
Glass from X-ray diffraction data 
using oriented aggregate techniques 
on the less-than- 0 . 002 mm material . 



A power-auger hole (Wisconsin Geologi­
cal and Natural History Survey Boring 
ET-2) was drilled below the floor of 
the pit to a depth of more than 22 m 
without encountering bedrock; the depo­
sits  consisted mostly of well-sorted 
sand with some interbedded gravel 
layers . Some workers have suggested 
that the outwash here was deposited 
near the axis of the preglacial Troy 
Valley , but from a recent bedrock to­
pography map prepared by Green ( 1968 , 
f ig .  2) , it appears that the site more 
likely is near the break in slope be­
tween the upland surface and the valley 
wall of a tributary to the main Troy 
Valley . 

L i  ttle information is  available to 
judge the age of the outwash. Beyond 
the outer margin of the overlying till , 
the surficial deposits  are mapped as 
Early Wisconsinan (Frye , Willman , and 
Black , 1965) or Illinoian ( Alden, 
1 9 1 8 ) . Outwash deposits older than 
Wisconsinan were recognized by Borman 
( 1 9 7 7 )  in Walworth County ,  but he did 
not identify any stratigraphic uni t s .  
South o f  Walworth County in Boone Coun­
t y ,  Illinois , Berg , Kempton, and Stecyk 
( 1 9 8 1 )  described an Illinoian outwash 
that could be related to this site , but 
the correlations at this time are cir­
cumstantial . The highest level terrace 
mapped by Anderson ( 1 96 7 )  along the 
Rock River near Rockford is likely re­
lated to this sit e .  This terrace is 
covered by Wisconsinan loess and con­
tains about one meter of highly 
weathered , reddish brown gravel over 
about 6 m of unweathered gravel .  We 
conclude that the terrace described by 
Andersor, is Illinoian and was weathered 
during :he Sangamonian . Therefore , 
considering the regional stratigraphic 
relations , the East Troy outwash is 
assigned to the Illinoian Stage . 

DESCRIPTION AND INTERPRETATION 
OF THE PALEOSOL 

At times during pit operations , the 
soil has been continuously exposed for 
a lateral distance of about 50 m .  It 
appears as a leached dark reddish-brown 
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horizontal layer about 1 m thick. The 
main body of the soil is a weathered , 
clayey Bt horizon developed in cobbly 
sandy grav e l .  The Bt is dark reddish 
brown and strongly contrasts with the 
yellowish-brown gravel below and the 
pinkish-brown till above . In places 
the soil has large vertical pendants , 
whose tapered ends extend below the 
usual base of the soil by as much as a 
meter ( f i g .  1 ) . The top of the soil is 
truncated at all places observed in 
1 982 , which suggests either proglacial 
fluvial scour or the direct effects of 
the overriding glac i e r .  Small-scale 
shear is evident in places where paleo­
solic material (Bt)  has been sheared or 
injected into the overlying calcareous 
t i l l .  The displaced material commonly 
pinches out along a thrust plane and 
appears now as a low-angle joint . In 
other places the paleosolic material 
appears interstrati fied with the till 
in a contact zone up to 1 m thick. 

A soil profile with the largest 
pendant exposed in 1982 in the northern 
part of the pit was selected for stud y .  
The major features are sketched o n  fig­
ure 1 .  An attempt to discriminate ped­
ologic boundaries from geologic bound­
aries was made because they are common­
ly confused . Commonly a stratigraphic 
boundary predetermines the pos ition of 
a pedologic boundary , but in other 
cases the boundaries are independent of 
each othe r .  The main pedologic bounda­
ry in the soil here is the base of the 
Bt horizon , shown as a heavy line on 
figure 1 .  An excellent example of 
cross-cutting relationships is illus­
trated by the layer of fine gravel . 
This layer passes through the pendant . 
Near the middle of the pendant the lay­
er sags about 5 cm , which is evidence 
for solution collaps e .  

The B t  is a zone o f  excessive accu­
mulation of reddish-brown clay with ac­
cessory features such as preponderant 
d i ffuse iron stains and discre t e  man­
ganese stain s .  Selected details are 
described in table 1 .  S o  much clay has 
accumulated in the Bt that the sand , 
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gravel , and cobbles are totally enve­
loped in layers and masses of translo­
cated clay (argillans) . During forma­
t ion , pedoturbation and desiccat ion 
cracking continually opened up avenues 
for continued soil-water movement and 
c lay accumulation. 

Surrounding the pendant is a dif­
fuse zone of localized clay enrichment 
that diss ipates laterally away from the 
pendant into the calcareous gravel 
( C2t) • The outer margin of this zone 

i s  shown on figure 1 with a short 
dashed line . This zone appears to be 
constricted near the base of the pen­
dant , but below it appears to fan out . 
The outer margin is very difficult to 
determine because of the discontinuous 
nature of the clay accumulation, which 
seems to occur in a random pattern of 
enrichment . However , this penomenon 
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is clearly related to the Bt develop­
ment because it is adjacent to the Bt 
horizon and disappears with depth. 

At the contact with the clean bed­
ded sand , the argillans abruptly stop 
and clay-free iron stains continue into 
the upper few centimeters . Below and 
t o  the left on figure 1 the sand is 
clean and gray (gleyed) . Argillans re­
appear in the sandy gravel at the base 
as though they went around the clean 
sand . The circumstances sugge s t  that 
the sand formed a hydraulic discontinu­
ity and remained wet ter than the sur­
rounding gravel. The staining and ar­
gillan patterns indicate a direction of 
soil-water movement . Funneling may 
have occurred in the upper Bt . Leach­
ing water appears to break broken 
through the Bt boundary and fanned out 
below the pendant . 



Table 1 .  Sangamon Soil profile description a t  East Troy Gravel P i t  

Geologic 
Unit 

Tiski lwa 
till 

silt 

till 

Outwash 

" 

Sample 
no. 

1 1  

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

Horizon 

C2 

C1g 

C1g 

B t l  

Bt2 

Bt3 

Bt4 

B t 5  

Bt6 

B t 7  

C2t 

Depth 
(em) 

0-290+ 

290-300 

300-340 

300-340 

340-350 

350-410 

410-450 

450-460 

460-490 

490-510 

510-550 
550-580 
540-580 

Description 

7 . 5YR 5/4 loam; few stains, j o inted; few secondary carbonates ; 
dolomitic. 

5Y 5 / 2  silt loam; few iron stains, pinches out to right above 
Sample 1 1 .  

2 . SY 5 / 4  loam with common 5 / 6  mottle s ;  s t ratified i n  places 
with layers of Bt material; leaL:heu ;  uasal deformation zone of 
meltout t i ll ( ? ) . 

7YR 5/6 gravelly sandy clay loam; common red and dark stains; 
weakly cemented, traces secondary carbonates along joints; 
leached; eroded upper surface . 

7YR 5/8 loamy sand lens e ;  uniform . 

6YR 4/4 to 5 / 6  gravelly sandy clay loam; few 2 . 5YR 3/4 and 2 1 1  
stains; many argillans ; many rotten igneous and sedimentary 
cobbles ; traces of carbonates . 

5YR 3 / 3  gravelly clay, many thick masses of argillans , some 
slickensided; some large areas of manganese staining; many 
rotten rocks 1 to 10 cm in diameter; traces o f  carbonates. 

SYR 3 / 3  gravelly sandy clay lense; coarse fraction better sorted 
than adjacent horizons; sags about 5 cm in middle of pendan t ,  
leache d .  

5YR 3 / 3  gravelly sandy clay loam; poorly sorted; fewer cobbles. 
nearly all hard; leache d .  

5YR 3 / 3  to 4 / 4  gravelly sandy loam; more color and textural vari­
ation; friable ; a decrease in argillans and stains cause a color 
boundary at base where uncoated coarse fragments dominate color 
appearance; base of beta horizon pendant. 

Yellow. gray and brmvn gravelly sandy loam; partly t.,leathered 
gravel dominated by carbonates , many sof t ;  weakly cemented ; 
common 5YR 4/4 argillans around pendant that decrease away 
to form a discontinuous boundary with clean bedded sand lense; 
argillans reappear in sandy gravel at base of exposure . 

Comments : 1 .  This profile contains the main part of a truncated Sangamon Soil that has the morphology of a 
Fox-like soil with an overdeveloped Bt pendant. Classification: best f i t  is Typic Paleuda l f .  

2 .  Bt horizons 3 to 6 in the exposure are very hard and coarsely crazed by desiccation. Natural soil 
structures are confounded with exposure-induced cracking. Iron staining i s  essentially continuous , 
but redder in place s ,  and dominates matiix color. Argillans appear to diffuse away from the 
pendan t .  

3 .  Sampled from the northloles t  r..:rall o f  a gravel pit in the northwe st corner , o f  S e c .  3 1 ,  T .  4 N .  � R .  1 8  E . ,  
Walworth County. 

90 



Table 2 .  Particle size and cl.::;y mineral data o f  Sangamon Soil profile at East Troy Gravel Pit 

Sample Depth SandI S i l t l  Clayl Exp2 13 K + C4 
Number Horizon (em) (%) (%)  (%) (%) (%) (%) 

11 C2g 300-340 54 2 8  18 38 45 1 7  

1 Btl 300-340 56 15 29 29 52 19 

2 Bt2 340-350 84 2 14 

3 Bt3 350-410 64 7 29 

4 Bt4 410-450 2 3  2 9  4 8  

CO 5 Bt5 450-460 52 10 38 28 58 14 -

6 "t6 46[)-490 55 8 37 26 54 20 

7 B t 7  490-510 76 3 21 

8 C2t 510-550 64 16 20 26 57 17 

9 C2t 550-580 70 18 12 32 49 1 8  

10 C2g 540-580 16 66 18 

1 .  Weight percent o f  less than 2 �m fraction; sand - 2 . 0  to 0 . 62 mm. silt - 0 . 62 to 0 . 002 mm, 
clay - less than 0 . 002 mm. 

2 .  Exp - expandable clay minerals ( 1 7A. glycolated ) . 

3 .  I - illite (mica, IDA) . 
4 .  K + C - kaolinite and chlorite (7A) . 



Other geologic boundaries in the 
profile control or at least are coin­
cident with weathering boundaries . 
The material below the Bt horizon is  
yellowish-brown , calcareous cobbly gra­
vel . Mos t  parts seem to contain about 
5 0  percent limestone and dolomite cob­
bles . Thi s  zone , which shows some al­
teration, some argillans , and yet con­
tains primary carbonate minerals is  
designated a C2t horizon. Many cobbles 
up to 10 em in diameter are in the C2t 
and seem to disappear in the pendant . 
Near the middle of  figure I ,  above the 
f inal gravel lens , the amount and orien­
tation of the cobbles delineate a sub'­
t Ie boundary. More cobbles are present 
above the bouridary which represents a 
change in the depos i tional environment . 
Weathering and clay accumulation follow 
this geologic boundary to the left of 
and above the .small pendant , but depart 
at the pendant where the Bt boundary 
cuts up across the "many cobbles" lay­
e r .  A more sandy layer occurs stra­
t igraphically above and to the right 
and appears to be detached from the 
" sandy clay" layer in the Bt . This 
s uggests early detachment ,  perhaps by 
s lump , during parent-material for­
mation, followed by the development of 
the soil.  

At the sampling location, the soil 
is abruptly truncated by a gray sil t . · 

No interstratification is present but 
the silt  pinches out to the right above 
o l ive-brown loam till that is inter­
s tratified with Bt material . The till 
seems to be related to the overlying 
Tiskilwa till , as if it is a basal de­
formation zone of the Tiskilwa . How­
ever , the silt is  not deformed and ap­
pears to be a fluvial depos i t  on an 
ero s io n  £urface. A pos s ibility is that 
the olive till was deposited by an 
early advance of the ice , then exposed 
to glaciofluvial erosion during a minor 
retreat of the glacier . Then, the main 
body of Tiskilwa till was deposited 
during a subsequent advance . 
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CLASSIFICATION OF THE PALEOSOL 

The bes t  modern soil analogs of  
this buried soil are the deep phases of 
the Fox and Ockley Series , which are 
both Alfisol s .  At present , Fox is de­
f ined as having a solum (A and B) 
thickness of les s  than 1 m, and Ockley 
has a solum thickness up to 1 . 5 m. To 
c lassify a paleosol according to modern 
s o i l  taxonomy is dif ficul t because the 
actual climatic and chemical parameters 
during forma tion must be e s t imated . 
Considering the morphological expres­
s ion alone , this soil can be considered 
a Udalf or in older soil class ification 
t erms , it  is similar to a reddish, 
c layey Gray-Brown Podzolic of the Mid­
west or a minimal Red-Yellow Podzolic 
o f  the Tennes s ee region. 

Particle-size d i stribution and 
c lay-mineral data (table 2) were deter­
mined on samples collected through the 
pendant as shown on figure 1 in order 
t o  aid our attempts to class ify the 
s o i l .  Although the presence or absence 
o f  pendants is secondary in the clas s i­
f i cation of soils of this type , we 
think that this large pendant is the 
most interesting part of the soil­
s trat igraphic uni t  exposed in the pit 
wal l .  

The lack o f  an A horizon presents 
an obstacle , so we at tempted to recon­
s t ruct the nature of the original soi l .  
In doing thi s ,  the B horizon provides 
the clues--features that are dependent 
on A-B horizon relationships . All of 
the subdivisions of the Bt horizon con­
tain evidence of illuviation , ( thick 
continuous clay skins or argillans ) .  
The variation in sand , silt  and clay 
contents reflects the original strati­
f i cation of the outwash. The clay of 
the upper Bt is  similar to the Fox and 
Ockley serie s ,  but the large size of 
the pendant suggests development that 
i s  greater than what is considered to 
be normal for these soil series . Many 



cobbles up to about 10 cm in diameter 
in the Bt are in an advanced stage of 
decomposition and can be cut with a 
knife .  Mos t  of the cobbles are igneous 
and sedimentary ( silty) types that also 
might have contributed to the clay con­
tent upon weathering , but the in-situ 
clay could not be identified because of 
the large amount of argillans . 

The large amount of illuvial clay sug­
gests that this soil belongs to the 
Alfisol Orde r ,  although Mollisol and 
Ultisol options are pos s ible . The dark 
color of the argillans suggests that 
the original epipedon was rich in hu­
mus , as in a Moll isol , but the color of 
the lower half of the Bt closely match­
e s  the type concept of the Ockley Se­
r ies , a Typic Hapludal f .  A forest or 
grassland origin is not interpretable 
f rom the morphology , but other parame­
t er s )  not measured in this study , such 
as the compos i t ion of the contained 
humic acids , could theoretically be 
used to differentiate the dominant 
s ources of the humic material . 

The large size of the pendant sug­
gests the more intense or longer weath­
e ring conceptually associated with 
Ultisols rather than Alfisols . However , 
the clay-mineral data indicate that 
substantial amounts of illite are still 
present . One of the requirements of an 
Ultisol is that less than 10 percent of 
the weatherable minerals remain in the 
2 0  to 200 pm fraction of the Bt horizon 
( So i l  Survey Staff , 1975) . Because the 
illite was de termined from the less­
than-2 p fraction ,  even less weathering 
would be expected in the coarser frac­
t ions . Therefore , the type of weather­
ing indic: ted by the clay mineral data 
places this soil into the range of 
Alfisol s .  Samples with no clay mineral 
results presented in table 2 were ana­
lyze d , but clay-mineral species were 
not resolved by the no-pretreatment 
method employed . This appears to be 
caused by the abundant iron , which in­
terferes with the x-ray diffraction 
method for measuring clay minerals .  
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The method used by the Illinois State 
Geological Survey is  one that is rou­
t inely employed for distinguishing 
s tratigraphic boundaries and the corre­
lation of material uni t s .  In view of 
this constraint , the unresolved x-ray 
d i ffraction peaks indicate a moderate­
ly to strongly weathered , oxidized ma­
t erial . 

Considering all avai lable informa­
t ion , the best fit classification for 
the profile is a Typic Paleudalf . A 
Paleudalf is distinguished from a P.ap­
ludalf mainly on the basis of clay dis­
tribution. A Paleudalf as described by 
the Soi l  Survey Staff ( 19 7 5 )  must meet 
the requirement that the clay content 
does not decrease from the maximum by 
more than 20 percent wi thin a depth of 
1 . 5  m below the soil surface . A Udalf 
that decreases in clay content � more 
than that is a Hapludalf . At the other 
locations where the Bt is about a meter 
thick, a Hapludalf classification seems 
best in spit e  of the redness which fa­
vors the Paleudalf interpretation . 

In reconstruction of the probable A 
and E horizons , it would be expected to 
be sandy because its parent material 
was probably outwash . Modern equiva­
l ents of Paleudalfs that have been de­
scribed ( Soil Survey Staf f ,  1975)  on 
sandy parent material on the coastal 
plains in Texas have sandy epipedons 
that are about 1 m thick. Where the 
e pipedon is sandy ( loamy sand) the pro­
file is class ified as an Arenic Paleu­
dalf . If our pendant profile here had 
less  sand in the epipedon , it  would re­
main in the taxon of a Typic Paleudalf . 
However , one must rememeber that this 
i s  a borrowed classification from a 
system for living soil s .  The soil fea­
tures described here are the remains of 
a fossi l  soi l .  

LOCAL STRATIGRAPHIC 
CORRELATION PROBLEMS 

The Sangamon Soi l  rises southward 
f rom the described profile ( f i g .  1) and 
reaches the ground surface near the 



center of the pit wall ( f i g .  2) . Both 
the soil and the overlying Tiskilwa 
t i l l  are absent in the southern part of 
the pit , and they terminate in a way 
that creates a local stratigraphic 
problem . Beyond the termination , the 
gravel is overlain by calcareous yel­
lowish-brown pebbly sandy loam till of 
the New Berlin Format ion (Mickelson and 
other s ,  1983 ) . The New Berlin till was 
depo s i t ed by the Delavan Sublobe of the 
Lake Michigan Lobe (Alden , 1904 , 1918 ; 
Schneider , 1982) in Late Woodfordian 
t ime . It is the surface till in the 
immediate area of the East Troy p i t  and 
throughout much of southeast Wisconsin,  
mos tly in Walworth and Waukesha Coun­
t ies . It also covers parts of Kenosha , 
Racine , Milwaukee , Washington , and 
Ozaukee Counties .  New Berlin till is 
found behind (northeast of) the Darien 
Moraine and between the Ket tle Inter­
lobate Moraine on the west and the Val­
paraiso Moraine or its equivalent on 
the eas t .  The New Berlin till is about 
equivalent to the Haeger Till Member of 
the Hedron Formation in Illinois (Hill­
man and Frye , 1970) . 

The New Berlin till i s  distin­
guished from the Tiskilwa till by i t s  
lighter and yellowish-brown color , 
greater stone content , and coarser ma­
trix . Result s  of particle-size analy­
s e s  of three samples of New Berlin t i l l  
from the Eas t  Troy p i t  average 6 2  per­
cent sand , 27 percent sil t ,  and 11 per­
cent clay . Results of clay-mineral 
analyses of five samples of New Berlin 
t i l l  from the East Troy pit average 20 
percent expandable clay minerals , 66 
percent illite , and 14 percent kaolin­
ite plus 2hlorite . 

Near the center of the pit wal l  the 
two tills are in contact with each oth­
er in an unusual way (fig . 2) . The 
s tratigraphic relationships between the 
tills and between the New Berlin till 
and the paleos o l  are unclear . The 
t i l l s  abut against each othe r ,  and the 
New Berlin till underlies the paleosol 
for a distance of about 1 m .  The age 
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relationship of the Tiskilwa till and 
the New Berlin till is well established 
by regional relations and hy many 
s tratigraphic sections that show the 
New Berlin Formation ovelying the Tis­
kilwa Member of the Zenda Forma tion . 
Thus , there is no ques tion about the 
relative age of the till s ,  although the 
relationship cannot be demonstrated in 
the East Troy pit .  We interpret the 
rela t ionship seen here as the result of 
deformation produced by the bulldozing 
action of the ice that depos ited the 
New Berlin t i l l .  Although the mechan­
ics are not understood , the snout of 
the advancing ice apparently shoved and 
l ifted the inclined part of the Sanga­
mon Soil and overlying Tiskilwa till 
and injected a mas s  of basal New Berlin 
t i l l  into and below the paleosol ( fi g .  
2 ) . In that part of the pit south of 
the contact zone , the Sangamon Soil and 
Tiskilwa till were completely eroded 
before basal New Berlin till was plas­
tered on top of the outwash sequence . 
Less than a kilometer to the south , 
howeve r ,  5 m (exposed) of Tiskilwa till 
is  overlain sharply by 3 m of  New Ber­
l in sand and gravel . 

lVhen this site was examined in 1972 
and 197 5 , additionsl stratigraphic 
units were present between the paleosol 
and the overlying pink till . The lat­
ter was observed to overlie a thin bed 
of light yellow calcareous silt 
( loess ? ) , the upper few centimeters of 
which were darker in color and sugges­
t ive of a faint A1 horizon of an incip­
ient paleosol (Farmdale? ) .  Although 
Altonian loess has not been previously 
identified in southeastern Hisconsin, 
the silt is  pos s ibly equivalent to the 
Roxana Silt of Illinois (Frye and Will­
man, 1960 ; Willman and Frye , 1970 ) . 

The silt either res ted upon a stone 
line ( Schneider ' s  interpretation) or 
contained a concentration of cobbles at 
i t s  base (Hadley ' s  interpretation ) . In 
e i ther case ,  this stone concentration 
marked the top of the paleoso l .  The 
upper part of the paleosol , although 



co 
m 

N s 

� ( )  ) � New Berlin t i l l  

") 

5 m  � . �Sal'lgamon sOil7 
deformed zone 1 

pendants un 

o 

Sangamon Soil stratitied sand and gravel yel lowish - brown 
o 10 m New Berlin t i l l  
�==�==:::" ___ -.!floor�f pit 

----------------------

FI GURE 2 . - - Nbr t h - s o u t h  s ketch o f  part o f  the East T roy g ra v e l  p i t  a s  seen i n  1 982 . The S a n gamon 
S o i l i s  con t i n uo u s  a c ross the expos u re , as s h own . but i s  parti a l l y  con c e a l e d  by s l ump a n d  
s l ope was h .  Modern s oi l  p rofil e ( not s hown ) i s  a t  t h e  s k etched s u r fa ce i n  s ome pl a ces , but 
i n  other pl a ces i t  has been removed o r  truncated by mi n i n g  opera t i ons . Hei ght o f  p i t  wal l i s  
a bout 1 0  m ;  appro x i mate l e n g t h  o f  s e cti on i s  50 m .  

- r -



similar in mos t  of its characteris tics 
to that below, contained fewer stones 
and had more sil t ;  it resembled a 
s t rongly developed B horizon developed 
from till rather than gravel .  Both 
Schneider and Hadley interpreted this 
to be a two-material profile , with the 
upper part of the B horizon having 
formed from till  and the lower part 
from gravel .  However , the geologic 
contact between the gravel and the 
t i l l ,  if presen t ,  was masked by pedo­
genesi s ;  both parent materials were 
weathered by the same soil-forming 
episode . 

Unfortunately , these add i tional 
s tratigraphic unit s  have not been vis.i­
ble in recent years .  Pit enlargement 
during the past 5 or 6 years has re­
sulted in the removal of the weathered 
t i l l ,  the stone line , and the overlying 
s i l t  with its possible incipient soi l ;  
thus , the pink Tiskilwa t i l l  i s  now 
seen in direct contact with the paleo­
sol . Apparently the sand and gravel 
unit was overlapped from the wes t  by a 
wedge of till  and a thin layer of silt , 
both of  which have been removed as min­
ing operations have moved the pit face 
eastward. 

Neither the Illinoian t i l l  (weath­
e red or unweathered) nor the younger 
silt  are now exposed elsewhere in the 
p i t ,  and neither the till ,  the paleo­
sol , nor the silt have been identified 
a t  any other site in southeast lViscon­
sin.. Fortunately , however ,  samples of 
both the till and the silt were col­
lected from the East Troy site  in 1 9 7 7 .  
Analyses o f  these samples seem t o  con­
firm the field interpretations . 

CONCLUSIONS 

The exposure at the East Troy pit 
reveals stratigraphic relat ionships 
that have been suspected to exist for 
some time , probably since Alden ' s  re­
port in 1918 or longer , but they have 
not been confirmed until now .. Because 
the Sangamon Soil and other pre-

96 

lVoodfordian features are widespread be­
yond the Hisconsinan border,  it follows 
that they should occur under Late lVis­
consinan deposits where spared from 
g lacial and other causes of erosion. 

The fragmentary information devel­
oped from the study of this site leads 
to the conclusion that the weathered , 
clayey paleosol exposed in the wal l  of 
the pit is the Sangamon Soi l .  The pa­
leosol is developed in a coarse cobbly 
outwash that is judged to be Illinoian 
in age .  Morphology and compo s i tion of 
the overlying unweathered till  indicate 
that it can be identified as the Tis­
kilwa til l ,  which was deposited by an 
early glacial advance of lVoodfordian 
Age .  The confidence of this iden­
t ification and the assumption that the 
paleosol represents the last intergla­
cial age or the last time during which 
a warm-climate soil could have formed 
in this area form the main arguments 
for this interpretation. The relation 
of the Sangamon Soil and Tiski lwa till  
t o  the younge r  New Berlin till  at  this 
exposure creates some confusion but can 
be explained as a local anomaly caused 
by glacial deformation .  It appears 
that New Ber l in till  was down thrusted 
through Tiskilwa t i l l  into the Sangamon 
Soil at the only place where the two 
t ills are in contact at this site.  
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ABSTRACT 

Deep gravel-pit exposures reveal 
the distribution and structure of till 
and underlying sand and gravel in drum­
lins near Haukesha , Hisconsi n .  The 
subglacial sediment is interpreted to 
have moved laterally into the drumlin 
sites  because the till thickens from 
the margin to the core of the drumlins , 
the stone orientation in the till is 
perpendicular and oblique to ice flow 
on the drumlin margins , and recumbent 
i soclinal folds occur in sand on the 
drumlin margins with axes parallel to 
the drumlin axe s .  The resulting accu­
mulations of sediment presented obsta­
cles to ice flow and were streamlined 
into the minimum-drag drumlin shape by 
erosion on the margins and by remolding 
of material in the core of the drum-
1 ins . These drumlin nuclei may have 
formed at spots where there was low 
normal stress on the bed due to thin 
ice . The subglacial sediment became 
mobile as a result of high pore pres­
sure that may have formed at spots 
where there was low normal stress on 
the bed due to thin ice . The subgla­
cial sediment became mobile as a result 
of  high pore pressure that may have de­
veloped as groundwater and subglacial 
meltwater were trapped behind a frozen 
bed at t�e ice margi n e  However , under 
certain condi tions , lateral sediment 
flow might also have occurred if the 
sediment was frozen . 

INTRODUCTION 

Thi s  paper describes the distribu­
tion and fabric of till and the struc­
ture of sand and gravel exposed in 

gravel pits in drumlins near Waukesha , 
Hisconsi n .  Inferences about the s tres­
ses on and strength of the subglacial 
material during drumlin formation are 
then drawn from these observations . 
This study is an expansion and continu­
ation of the work of Whit t ecar ( 19 7 6 )  
and Whittecar and Mickelson ( 19 7 7 , 
1 9 79 ) ,  who first described and inter­
preted the till stratigraphy and defor­
mational structures in the drumlins . 
Previous workers in this area include 
Alden ( 1 905 , 1918)  who first described 
the morphology and regional distribu­
t ion of the drumlins , and Evenson 
( 1 9 7 1 ) , who measured fabric in several 
drumlins as part of a general study on 
the origin of till fabric .  

Two drumlin fields occur in south­
eastern Wisconsi n :  a smal l  field near 
Waukesha formed by ice of the Lake 
Michigan Lobe , and a large , 90-km wide 
arcuate belt of drumlins behind the 
outermost end moraine formed by the ice 
of the Green Bay Lobe (fig . 1 ) . For 
this s tudy , nine drumlins in the Hauke­
sha field and two in the Green Bay Lobe 
f ield were examined (fig.  1 ) . Three of 
these drumlins are field-trip stops 
described by Micke lson and others 
( 1 9 83 ) , (sites  2 ,  5 ,  and 10 on fig . 1 ) . 
Based on the correlation of the 
drumlin-forming Horicon and New Berlin 
t i 1 l s  with the Haeger Till Member in 
Illinois ,  both the Waukesha and Green 
Bay Lobe drumlins are thought to have 
formed during advance of ice to the 
Darien , Johnstown, and West Chicago 
Moraines approximately 14 500 B .  P .  
(Whittecar and Mickelson,  1979 ) . The 
Waukesha drumlins are clustered on up­
lands (Whit teca r ,  1976) , are commonly 

* Present address : NUS Corporation , Raritan Plaza III , Edi son , New Jersey 08837 
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overlapping or compos it e  in form, and , 
in places , are gradational to or super­
imposed on linear ridges that parallel 
the drumlin axes . The Green Bay Lobe 
drumlins are generally longer and nar­
rower than the lVaukesha drumlins 
(Mills , 197 2 ,  1980) , and they are dis­
crete hills with a less marked tendency 
to cluster on upland s .  

DISPOSITION OF TILL IN THE DRUMLINS 

Both the Green Bay Lobe and the 
waukesha drumlins are at least partial­
ly cored and carpeted with very pale 
brown (lOYR 7/4)  sandy loam or loam 
t i l l .  In places till  near the surface 
of  the druml in is enriched in sand and 
contains strati f ied sandy and pebbly 
lenses , sugges ting that patches of su­
praglacial debris were let down atop 
the drumlins during final mel t ing , but 
the bulk of the till  in tbe drumlins 
has a uniform , well-compacted matrix 
and was probably deposi ted subglacial­
ly . In .. all but one of the drumlins 
where the base of the till  is exposed , 
the basal contact of the till dips 
downard and the surface rises as one 
proceeds from the margin to the core of 
the drumli n ,  thus defining a pod-shaped 
body of till  that is thickest beneath 
the drumlin cres t .  Figure 2 summarizes 
thickness measurements in five drumlins 
and demonst rated thickening of the till 
t oward the center of the drumlins . 
This pat tern sugges t s  that till  accumu­
lated preferentially at the drumlin 
s i tes . In a few places the basal t i l l  
can b e  separated into a lowe r ,  deformed 
uni t of basal t i l l  and an upper , unde­
formed basal t i l l  unit that conforms to 
the drumlin shape , sugges t i ng that 
there were two episodes of subglacial 
deposi tiC l during the drumlin-forming 
glaciation--possibly one during ice ad­
vance and the other during ret reat of 
the ice--separated by a period of ero­
s ion, deforma tion , and drumlin forma­
t ion (Whit tecar and Mickelson , 1977) . 
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TILL FABRIC 

In order to inves t igate the struc­
ture of the drumlin-forming t il l ,  fab­
r ic was measured at 84 s i tes in ten 
p i t s e For each fabric measurement , 
bearing and plunge of 25 , 30 , or 50 
pebbles with long axis to  intermediate 
axis rat ios of 3: 2 or  greater was de­
termined us ing a Brunton compass . Most 
pebbles measured wer e  dolomit e ,  usually 
prolate ellipsoids in shape . 

The origin of till  fabric has been 
the subject of a number of paper s .  In 
theory , elongate part icles immersed in 
a flowing medium (whether i t  be water , 
ice,  or viscous sediment) will orient 
to attain a pos i t ion of  minimum torque e 
Rusnak ( 1957)  presents the following 



equation for the torque (T) on a parti­
c le in terms of  the fluid density (p) , 
f luid velocity ( � ) , length of the long 
( a )  and intermediate (b) axes of the 
particle , and the angle ( E )  between the 
a-axis of the particle and the mean 
velocity vector : 

The torque goes to zero--indicating a 
s table position--when S = rr ( that is , 
long axis transverse flow) and when 
S = 1T ( that is , when the long axis is  
parallel to flow [ paralle l] ) .  

For a lone particle lying parall e l  
t o  flow, slight velocity fluctuations 
in the fluid wil l  tend to rotate the 
part icle into a transverse alignment ; 
thus , the transverse pos i tion is more 
s table . But i f  a number of particles 
impinge on each other in the fluid the 
transverse orientation gives rise to 
f requent collisions , and the longi tudi­
nal orientation is  more stable 9 Thu s ,  
i n  a pebble-rich material such as till 
or debris-laden ice a longitudinal ori­
entation would be · expected to be the 
s table condition and therefore fabric 
maxima should indicate the direction of 
movement of  the ice or of viscous til l .  
However , transverse orientations in 
dehris-rich material have been de­
scribed in areas of compressive flow 
where fluid above and behind the parti­
cle is moving faster than fluid below 
and in front � For example , transverse 
fabric is observed on the margins of 
debr i s  flows and in sheared-up debri s  
bands i n  ice (Boulton, 197 1 ) . Possibly 
this transverse fabric is  produced by 
the velocity gradient set up across the 
up-flow ,nd down-flow ends of a parti­
ele in longitudinal orientation when it 
enters a compress ive-f l ow regime . Flu­
id moving against the up-flow end of 
the particle will have a slightly high­
er veloci ty than fluid moving at the 
down-flow end . Any slight fluctuation 
in the flow di rect ion will thus set up 
a torque tending to rotate the up-flow 
end unt i l  a transverse orientation is  
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attained and there is  no appreciable 
velocity gradient across the particle . 
In general , then, longitudinal fabric 
forms in debris-rich flow and trans­
verse fabric forms in compressive or 
debris-poor flow. 

The deep exposures available in the 
Haukesha area afforded a rare opportu­
n i ty to measure till fabric in complete 
drumlin cross sections . Fabric was 
measured at depths ranging from 2 to 
39 m below the surface . At eleven 
sites  where gullies were eroded into 
the pit wal l s  fabric was measured at 
several depths to determine vertical as 
well as lateral variability within the 
drumlin. Figure 3 ,  and the maps for 
S tops 1 and 3 in Mickelson and others 
( 1983) , show the location of  structural 
data and lower-hemisphere equal-area 
projections of fabric measurement s �  

As can be seen on the maps , most of 
the fabric measurements have maxima 
that are parallel  to the drumlin axe s ,  
but measurements having maxima perpen­
dicular and oblique to ice f lo", are not 
uncommon ( f i g .  3 ,  and Stop 6) . The 
perpendicular fabric measurements tend 
to occur between the margin and core of 
the drumlins at depths greater than 
6 ro, and where overlying fabric can be 
measured ( for examp l e ,  at lolaukesha) , it  
i s  parallel to  ice flow . The measure­
ments that are perpendicular to ice 
f l ow are in uniform basal till  that is 
clearly traceable t o ,  and is not visi­
bly or analytically different from, 
t i l l  having fabric parallel to ice 
f low. 

Given its pos i t ion in the drumlins , 
it  is  unlikely that the fabric that is  
perpendicular to ice flow is a trans­
verse fabric produced by compress ive 
f low in the ice itself  or by compres­
s ive conditions transmitted from the 
i c e  into the underlying till . In ac­
cordance with Bernoulli ' s  Theorem, flu­
ids wil l  experience increased pressure 
and decreased velocity (a compres s ive 
regime) on the up-flow end of  an obsta­
cle but on the sides and down-flow end 
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of the obstacle pressure drop s ,  veloci­
ty increases , and extending flow re­
sul t s  (see also Savage , 1 9 68 ) . Ice 
f lowing around a drumlin,  the n ,  would 
not be under compressive flow at the 
marginal position in wbich the fabric 
perpendicular to ice flow is commonly 
found . 

Another intepretation is  that the 
fabric that is perpendicular ice flow 
i s  longitudinal fabric formed by later­
al flow of remobi lized till toward the 
drumlin site rather than fabric created 
by shear or deposition from flowing 
ice . This remobilization fabric would 
then be similar in origin to the 
squeeze-up fabric in flutes described 
by Boulton ( 1 9 76 ) . Such fabric , as the 
product of flow within previously­
deposited t i l l ,  may be ",holly independ­
ent of the ice flow direct ion . Fur­
thermore,  the observed coincidence of 
fabric perpendicular and oblique to ice 
f low on the drumlin margins with thick­
ening of the till towards the core of 
the drumlins is complementary evidence 
for movement of till into the drumlin . 

Fabric perpendicular to ice flow 
was not found in the Valley pit ( Stop 3 
in Mickelson and others ,  1 9 83 ) . This 
p i t  was excavated in a ridge that 
t rends parallel to ice flow and is more 
elongate than the other drumlins exam­
ined . In addition ,  present exposures 
do not reveal appreciable thickening of 
the upper till in the core as in the 
other drumlins , but some thickening was 
noted in the past (D . M .  Mickelson , 
personal communication, 1982 ) . These 
observatIons suggest that there was 
l i t t le referre d  accumulation of till 
a t  the Valley pit (and thus no trans­
verse fabric) and that the ridge is 
primarily an erosional feature rather 
than a s treamlined depositional fea­
ture . Alternatively,  the large amount 
o f  excavation in the Valley pit may 
have removed till sections with trans­
verse fabric . 
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Measurements having maxima parallel 
to ice fIol'l are more common and are 
found in the cores and on the margins 
near the surface of the drumlins . Par­
allelism with ice flow sugges t s  that 
such fabric is primarily longitudinal 
fabric produced during original depos i­
t ion rather than a remobi lizat ion fah­
ric . This depos.ition, however ,  was 
probably not synchronous with drumlin 
formation,  because ,  if wide-spread 
deposi tion of till occurs primari ly in 
a zone near the ice margin, as suggest­
ed by many authors (for example , Sugden 
and John , 1976 ; West ,  1977 ;  and Whi t te­
car and Mickelson,  1979 ) , and if drum­
lins are formed up-ice from this zone 
of deposition (Whit t ecar and Mickelson , 
1 9 7 9 ) , it  is unlikely that primary de­
position from ice at the time of drum­
lin formation was responsible for the 
bulk of the t i l '_ in the drumlin or for 
the fabric of that t i l l .  Instead , the 
fabric parallel to ice flow may have 
been produced e i ther during predrumlin 
or postdrumlin subglacial deposi tion , 
or  it  may be pos tdepositional fabric 
imprinted during shearing of till by 
ice moving over and around the drumli n .  
This latter pos s ibility is  particularly 
applicable to fabric paralalel to ice 
flow near the surface that overlies 
fabric perpendicular to ice flow ( for 
example , at  Waukesha) . 

STRUCTURE OF THE SAND AND GRAVEL 

Tbick sand and gravel occurs be­
neath the till in the drumlins . It is 
predominantly either horizontally bed­
ded or tilted and truncated by the 
t ill � However , intense deformation is 
not unusual , especially in sand . This 
deformation is of three types :  recum­
bent isoclinal fold s ,  upright isoclinal 
to open fold s ,  and clastic dikes . 
Faul t s , although described by lfuittecar 
( 1 9 76 ) , were not observed during thi s  
s tudy . 

The recumbent isoclinal folds 
between the edge and core of the 
lins , usually under relatively 

occur 
drum­

thin 



t il l  ( 1 . 5  to 6 m thick) . Axes of these 
folds are consistent at a given loca­
t ion and tend to be either nearly per­
pendicular to the drumlin axis or near­
ly parallel to the axi s .  Where the 
folds occur in sand , amplitudes are on 
the order of 0 . 3  to 1 m and wavelengths 
are usually les s  than 0 . 6  m. In grav­
e l ,  amplitudes are more than 3 m and 
wavelengths are about 1 . 5  to 3 m.  This 
difference in size is due both to the 
thicker bedding in the gravel and to 
the greater angle of internal friction 
o f  the gravel (both in the dry and fro­
zen state) . The greater angle of in­
ternal friction of the gravel impart s  a 
greater shear strength than that of 
sand and hinders internal deformation , 
thereby preventing small-ampli tude 
folds . 

The recumbent folds with axes per­
pendicular to ice flow probably are 
drag folds produced by shear from over­
riding ice . Recumbent folds with axes 
parallel to the drumlin axis are prob­
ably not the result of drag from over­
riding ice . Instead , these folds may 
be similar to recumbent folds that have 
been observed and eXperimentally pro­
duced in liquefied sand . 

l"il liams ( 1960) obse rved that 
loosely packed fine sand and silt col­
lapses when sheared . If  such sediment 
i s  saturated , confined , and then 
sheared , it liquefies;  that is , its 
shear s trength drops as the loose pack­
ing disintegrates and the pore fluid 
assumes the load . Liquefact i on , in 
turn , allows flow when an external 
force is applied (as , for examp l e ,  by 
unequal vertical loading) . Flow is 
laminar , �nd recumbent folds develop as 
manifestations of flowing bands moving 
at different velocitie s .  Fold axes are 
perpendicular to the flow direction. 
Similar behavior is  described by McKee 
and others (1962)  for a sand layer con­
f ined by silt strata . High pore pres­
sure in the sand led to recumbent folds 
when a horizontal total head gradient 
was applied across the sand laye r . 
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Applying these observations to the 
recumbent folds with axes parallel to 
the drumlin axes suggests that they 
formed by flow of liquefied sediment 
into the drumlin either in response to 
a greater weight of ice in the inter­
drumlin areas or to flow of water 
through the sediment towards the 
drumli n .  The parallelism of the fold 
axes with ice flow rules out drag from 
overriding ice ,  and the regularity o f  
the folds and lack o f  thinning or 
thickening of the beds rules out down­
s lope slump . Sites where fold axes 
have oblique or ambiguous orientations 
with respect to the drumlin axis may 
have undergone two folding episode s : an 
original set of folds was produced by 
f low towards the drumlin and a late r  
s e t  was produced by 
in a deformational 
that described by 
modern flut e s . 

ice drag, resulting 
pattern similar to 
Boulton ( 1 9 7 6 )  in 

Upright folds are less commo n ,  
though more spectacular , than the re­
cumbent folds . They occur singly and 
are of much larger amplitude (as much 
as 1 2  m) than the recumbent fold s ,  sug­
gesting the presence of a larger-scale 
s tress field . These folds are composed 
of sand , gravel ,  and till layers and 
are found both on the margin and in the 
core of the drumlins . Axes of these 
folds are both paral le l  and perpendicu­
lar to ice flow. 

The origin of these upright folds 
is more problematic than that of  the 
recumbent folds because no clear analog 
exists in nonglacial sediment . Thos e  
folds having axes perpendicular t o  ice 
f low may be drag fold s that did not 
become overturned and were later trun­
cated by erosion . The marginal folds 
with axes parallel to ice flow are 
probably not related to the ice flow, 
and the presence of s i l t ,  gravel ,  and 
thin till laye r s ,  as well as their up­
right , large-amplitude geometry and 
i solated occurrence , rules out lique­
fied sediment flow becaus e  hori z ontal 
f low of liquefied sediment would not 



produce upright folds involving several 
sediment layers folded concordantly . 
One possibility is  that they are com­
pressive folds produced by the weight 
of ice in the interdrumlin areas acting 
laterally against the drumlin margin . 
Under these conditions , upright margin­
a l  folds of large ampl i tude might be 
formed locally, especially if high pore 
pressure lowers the yield strength of 
the sediment so as to induce ductile 
deformat ion . 

Clastic dikes are vertical bodies 
of layered sand and , in some cases , 
gravel and till , which intrude upward 
into and , at places ,  through the upper 
till. They generally occur in the 
drumlin cores and commonly trend paral­
l el to the drumlin axi s , although sev­
eral dikes described by Whittecar 
( 19 7 6 )  are perpendicular to the drumlin 
axis . Dike widths range from 1 to 9 m; 
vertical dimensions are more obscure 
because the bottoms of the dikes are 
rarely exposed . Minimum vertical di­
mensions range from 1 . 5  to 6 m. At two 
sites  where longitudinal dimensions 
could be observed , the dikes were lin­
ear and tabular in shape , although 
Whittecar ( 1 9 7 6 )  described several 
dikes that are domes or doubly-plunging 
antiforms . 

Till fabric was measured in 
near the dikes at two locations . 

and 
Fab-

ric in the intruded till near the mar­
gins of the dikes does not show steep­
ened plunge but does tend to be reori­
ented towards the dike . Fabric in till 
in the dikes or immediately next to the 
d ikes does show steepened plunge . 
These fl "ldings sugges t  that the till 
enclos in.', the clastic dike did not de­
form in concert with the material in 
the dike but rather acted as a rigid 
layer into and through which the under­
lying sediment intruded . 

A striking feature of the clast ic 
dikes is the preservation of primary 
s tratification . Stratification, de­
f ined by interbedded layers of varying 
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grain s i z e ,  is always continuous , par­
allel to the dike wall s ,  and only rare­
ly interrupted by isolated , small-scale 
intrafolial isoclinal folds (with axes 
parallel to the dike ) . At several 
sites this stratification is traceable 
laterally to horizontal strata , fndi­
eating that it is primary stratifica­
tion and not flow-banding . 

Stratification is not commonly ob­
served in dikes in sedimentary rock 
(Potter and Petti john , 1977 ) , and , 
whe,e it has been described (Waterson, 
1950;  Peterson, 1968 ) ,  it is  interpret­
ed as an intrusion phenomenon rather 
than as primary depositional layering . 
This absence of primary bedding in 
dikes in sedimentary rock is perhaps 
the result of turbulent flow during in­
jection or of the mas sive or thickly 
bedded character of the source bed s .  
Presumably , however , there i s  a contin­
uum from low-viscosity, rapid-injection 
density-inversion structures such as 
clastic dikes in which turbulent flow 
occurs and bedding is not preserved , to 
high-viscosity, diapiric density­
inversion structures such as salt domes 
or load structures in which laminar 
flow occurs and bedding is preserved . 
The fact that bedding is preserved in 
the drumlin dikes , then , is indicative 
of a laminar, diapiric rise of 10101-
density , liquefied sediment into a 
denser , rigid till cap . The presence 
of thin layers of till and gravel 
(which do not readily undergo liquefac­
tion) in the dikes perhaps indicates 
either that movement of the enclosing 
liquefied sand was capable of deforming 
the interstratified till and gravel or 
that gravel and till strata were pene­
trated and upwarped by the upwelling 
sand (Whitteca r ,  1976 ) . 

BEHAVIOR OF THE SUBLACIAL J.I.ATERIAL 

The fabric pattern in the till and 
the folds and dikes in the sand and 
gravel are indicative of ductile defor­
mation but give no direct indication of 
whether the sediment was wet or frozen 
or of the origin of the 
sponsible for deformation . 

stresses re­
In the case 
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o f  wet-sediment deforma t ion, high pore 
pressure is necessary in order to lower 
the shear strength of the material to 
the point where the observed duc t i le 
deformation becomes pos s ible . The ef­
fect of pore pressure is expressed by 
the Mohr-Coulomb equation: 

T = C + ( on - �) tan � ,  

where T = shear strength , C = cohesion, 
an normal stress ,  � = pore pressure , 
and � = angle of internal friction. As 
the equation indicates , increases in 
pore pressure that are not countered by 
equivalent increases in normal stress 
( in this case , the weight of overlying 
ice) lower the shear strength . In sub­
glacial sediment beneath a temperate 
glacier (or a suffic iently thick polar 
glacier ) , abundant water ,lOuld be ex­
pected due not only to basal mel t ing , 
but also to compact ion and dewatering 
of fine-grained sediment by ice advance 
(Vaiden and others , 1982) and by block­
age by permafrost of preglacial ground­
water discharge areas (Mickelson and 
Clayton , 198 1 ) . If this water is 
t rapped by underlying aquitards (Moran, 

stress condi tions at Waukesha during 
Antarctic-type ice surface profile , a 

and Poisson' s Rat io for frozen sandy 
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1 9 7 1 )  and , perhaps , by freezing of the 
g lacier onto its bed at the margin , 
high pore pressure would develop and 
sediment ( especially the sand and silt 
subject to liquefaction) would become 
mobile . 

However ,  ductile deformation could 
also have occurred if the sediments 
were frozen. Using an Antarc t i c-type 
ice-surface profile , and assuming a 
basal temperature of approximately -S o C  
based on findings reported by Tsytovich 
( 1975)  and a Poisson ' s  Ratio ( the ratio 
of transver s e  to longitudinal strain 
for a material) of 0 . 1 0  for the frozen 
sandy till at Waukesha , the stress con­
d itions during the maximum extent of 
the drumlin-forming glaciation can be 
reconstructed ( Stanford , 1982 ) . Com­
paring the resulting Mohr circle for 
the postulated stress condi tions with 
failure envelopes derived from triaxial 
compression tests on frozen sand per­
formed at slow strain rates by Sayles 
( 1 974)  indicates that the long-term 
yield strength of the frozen sandy till 
would have been exceeded ( fig . 4) , and 
deformation might have ensue d .  In ad-



dition , strain rates slower than the 
6 . 6xlO-5 s-l o f  Sayles would be expect­
ed beneath the ice; this would further 
reduce the long-term resistance of the 
material to deformation .  

Given the pos sibility of frozen 
deformat ion , though , it  is  still not 
clear whether the large viscosity con­
trast implied by the observed intrusion 
of the clas tic dikes into a rigid till 
would be pos sible with frozen material . 
Furthermore , the strength of frozen 
material increases rapidly as tempera­
tures drop ( Sayles and Haines , 1 9 7 4 ;  
Tsytovich , 197 5 ;  Haynes and Karalius , 
1 9 77 ) ,  and stress on the material drops 
as the ice-surface profile becomes more 
gen t l e .  In summary , then, although it 
i s  pos sible that either wet or frozen 
sediment would have been mobile beneath 
the ice at Waukesha , the observed 
s tructures seem to indicate high pore 
pressure and wet conditions . 

GENESIS OF THE DRUMLINS 

Drumlins are streamlined subglacial 
landforms that present minimum drag to 
ice flow around an obstacle (Chorley , 
1959)  • As such , two ques t ions seem 
pertinent to the origin of drumlins : 
( 1 )  How was the obs tacle produced , and 
( 2 )  How was streamlining achieved? As 
emphasized by Boulton (1976) , drumlins 
are morphologically-defined landforms , 
and , because a number of processes may 
produce similar or identical morpholo­
gies , there need not be a single origin 

for all drumlins . Thu s ,  there are no 
doubt several correct answers to the 
above questions , and any postulated or­
igin for drumlins applie s ,  of necessi-
ty' to specific set of drumlins . 

With this limitation in mind , we 
suggest the following sequence of 
events in the formation of the drumlins 
in southeastern Wisconsin (modified 
from Whi t tecar and Mickelson, 1 9 79 ) : 

( 1 )  Basal ttll was deposited in a 
marginal zone as the ice advances , re­
sulting in a sheet of till blanket ing 
the pre-advance topography . 
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( 2 )  Til l  and underlying sand and 
gravel--if mobile--flowed laterally in­
t o  sites on the bed , beneath the thin­
nest ice [ for example , perhaps below a 
crevassed area . J  At these sites , the 
normal stress on the bed is lower than 
on surrounding parts of the bed . Lat­
eral flow of sediment continues until 
the weight distribution above an arbi­
trary horizon is equalized , that is , 
when the thinned ice column is  compen­
sated by a thickened sediment column 
( fig . 5 ,  panels 1 to 3) . The observed 
thickening of the till from the margin 
to the core of the drumlins is evidence 
for accumulation of sediment at the 
drumlin site , and the observed presence 
of till pebbles that are perpendicular 
to ice flow and of recumbent folds in 
sand wi th axes parallel to ice flow in 
the margins of the drumlin is  evidence 
for lateral sediment flow towards the 
drumlin site . The sediment accumula­
t ions that resulted from this flow are 
drumlin nuclei : they were obs tacles to 
ice flow, and consi s t  of sediment that 
could be shaped by erosion and remolded 
into a streamlined form e 

I f  the sediment were completely 
frozen, flow occurred only under spe­
cial combinations of ice thicknes s ,  
temperature,  strain rate ,  and ice con­
tent . However ,  if the sediment were 
unfrozen or partially frozen, increases 
in pore pressure that were not matched 
by equivalent increases in normal 
s tress reduced the effective stress ,  
lowered the shear strength , and readily 
enhanced sediment mobility.  Such in­
creases in pore pressure could be pro­
duced by rapid loading and compaction 
of slowly drained or undrained sedi­
ment due to ice advance (Vaiden and 
others , 1982) and by blockage of pre­
glacial groundwater discharge areas by 
ice . Drainage of the suhglacial water,  
in turn , would be  impaired or halted by 
aquitards ( Clayton and Moran, 1974) and 
by freezing of the glacier onto a per­
mafrost bed at the margin (Mickelson 
and Clayton, 1981) . Thus , advance of 
ice over water-bearing sediment , in 
conjunction with a frozen margin and 
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FIGURE 5 . --Schematic illustration of drumlin formation near Waukesha . 
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aquitards surrounding the sediment , 
induced abnormally elevated ( exce s s )  
pore pressure i n  the sediment and 
thereby created condi t ions favorable 
for drumlin nucleation . 

( 3 )  The accumulation of material in 
thes e  proto-drumlin s i tes was an 
obstruction to ice flow, and flowlines 
were di verted around the obs tacle . 
S treamlining of the obstruction into 
the minimum-drag drumlin shape was 
achieved by remolding and erosion ( f i g .  
5 ,  panel 4 ) . Till i n  the center o f  the 
drumlin flowed into a streamlined shape 
in response to shear transmitted from 
overriding ice seeking a flow pattern 
of minimum drag . More rapid flow (and 
poss ibly frozen-bed conditions) on the 
drumlin flanks and interdrumlin areas 
promoted extensive erosion of the till 
and underlying outwash from these 
areas , also emphasizing the streamlined 
form . The observed trunca tion of the 
till and bedded sand and gravel at the 
drumlin flanks indicates extensive ero­
s ion of interdrumlin areas , and the 
prevalence of till fabric oriented par­
allel to ice flow, especially close to 
the drumlin surface above fabric ori­
ented perpendicular to ice flow, may 
reflect local remolding from overriding 
ice . 

( 4 )  Next , another basal till was 
deposited as a carpet over the drumlin­
i z ed topography , either during retreat 
of the ice margin or under thick ice 
shortly after formation of the drum­
lins . 
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( 5 )  Lastly,  a discontinuous blanket 
of supraglacial t i l l  was depo s i ted on 
the landscape during final melting of 
the ice . 

On a regional scale , the occurrence 
of drumlins in a bel t  parallel to the 
ice margin may mark the location of a 
zone of ice that was partially frozen 
to the bed .  This zone , in turn, marks 
the transi t ion from a frozen bed at the 
margin to an unfrozen bed farther up­
glacier . On the bas i s  of geomorpholog­
ic evidence , Mickelson and Clayton 
( 1981)  argue that a frozen bed was 
present at the margin of the Green Bay 
Lobe and the northern Lake Michigan 
Lobe during Late Wisconsinan time . As 
mentioned above , this might allow high 
pore pressure to develop in unfrozen­
bed areas behind the margin . Erosion 
would occur In areas where ice under 
compressive flow was freezing-on to the 
bed and thereby lifting material off 
the bed . Thes e  observations sugges t  
that the drumlins may have formed in 
the unfrozen-bed portions of the 
partially-frozen zone where mobile sed­
iment was present and that interdrumlin 
areas where extensive erosion has oc­
curred may represent frozen-bed por­
tions of the partially-frozen zone . 
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