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Quaternary Geology of Ozaukee 

and Washington Counties, Wisconsin 

David M. Mickelson 

Kent M. Syverson 

ABSTRACT retreated into, and later advanced out of, 

Glacial ice covered Ozaukee and the Lake Michigan basin several times 

Washington Counties between about during general deglaciation of the area. 
25,000 and 13,000 years ago. Glacial and Fine-grained lacustrine (lake) sediment 

related stream and lake sediment, included | WS incorporated into the till, produc- 

in the Zenda, Holy Hill, Oak Creek, and ing the silty and clayey sediment that is 

Kewaunee Formations, consists of coarse present in eastern Ozaukee County. High 

gravelly sediment in some places and silty stands of Lake Michigan cut shorelines 
clay in others. into these deposits, leaving beaches above 

The ice sheet left several geologi- the modern one. Postglacial streams have 

cally and topographically distinct areas. cut channels through the glacial deposits 
The Kettle Moraine is a hummocky ridge and deposited floodplain sediment along 

trending north-south through central their banks. 

Washington County. Much stratified sand 

and gravel was deposited on stagnant ice INTRODUCTION 

by southerly flowing meltwater streams Scope of this report 

in this interlobate region between the 
Green Bay and Lake Michigan Lobes; as Glacial features dominate the landscape 

buried ice melted, the hummocky Kettle in Ozaukee and Washington Counties. 
Moraine formed. The region west of the Road names such as Kettle Moraine 
Kettle Moraine has a rolling topography Drive, Kettle View Road, and Clay Ridge 

dominated by large northwest—southeast- Road are colorful reminders of the gla- 
trending drumlins composed of sandy till cial features that have contributed to the 

that formed beneath the Green Bay Lobe. heritage of the area. Except for a few 1so- 
The sediment east of the Kettle lated spots where bedrock is exposed, or 

Moraine was deposited by the Lake along streams or beaches, the entire area 

Michigan Lobe and its glacial meltwater. is covered with glacial deposits. Glaciers 

The region immediately east of the Kettle produced the lakes that abound in many 
Moraine, in eastern Washington and areas, formed the prominent hills of the 

western Ozaukee Counties, has flat to roll-. | Kettle Moraine, produced the rich agricul- 
ing topography and east—west-trending tural land in both counties, and left behind 

drumlins. Ice-dammed lakes formed as the sand and gravel— major commodities in 

ice margin retreated down the regional this rapidly developing area. 

slope of the land, damming drainage in Although many communities and 

the Milwaukee and other river valleys. some residences obtain their water supply 
Lacustrine sand and silt plains remain from aquifers in the underlying sandstone 

from these former lakes. Successively and dolomite bedrock, many domes- 
younger advances of the Lake Michigan tic wells derive water from Pleistocene 

Lobe deposited the Oak Creek and deposits above the bedrock. These depos- 

Kewaunee Formations, which are silty its will be important to the future water 

and clayey, indicating that the ice margin supply and water quality in these two 

Bulletin9l « 1



counties. Knowledge of the deposits 1s covered all the state. Since that time, 

crucial for understanding the ground- the elevation of central Wisconsin has 

water system and for protecting it from remained high in relation to the neighbor- 

degradation: Decisions about the siting ing states of Michigan and Illinois, where 

of landfills, application of pesticides and basins collected deeper-water marine 

herbicides, and reaction to spills of chemi- sediment and slowly settled over time. 

cal contaminants should be made with an The cross section in figure 3 shows rock 

understanding of Quaternary deposits and that was deposited during the Paleozoic 

how contaminants move in them. Era (250-570 million years ago: see fig. 

In this report we 1) as oceans alternately deepened and 

¢ provide a map (plate |) that shows shallowed in the region. The type of sedi- 

the distribution of glacial and related mentary rock deposited reflects a differ- 

deposits in the two-county area and cross ent depth of water or different sediment 

sections (plate 2) from west to east across supply to this part of the ocean basin. 

the two counties that show the vertical Sandstone formed as sand was deposited 

distribution of these deposits; in a relatively shallow sea and at times 

e describe these materials in terms of even as sand dunes above sea level. Sand 

their physical characteristics, engineering was transported to the shallow sea by 

properties, and their ability to transmit rivers flowing off the land mass to the 

groundwater; north and west. At other times, deposi- 

e provide a detailed description of tion in the shallow sea was dominated by 

sediment exposed in the eroding coastal the accumulation of limestone (CaCQ,), 

bluffs along the Lake Michigan shoreline which was later converted to dolomite 

of Ozaukee County; and [CaMg (CO,),]. 

¢ describe the landforms that residents By the Silurian Period (410-440 mil- 

and visitors can readily see in the two- lion years ago; fig. 1) large coral reefs had 

county area and discuss the history of gla- developed in much of eastern Wisconsin; 

ciation in the counties. the remains of these coral reefs can be 

seen today in quarries throughout much 

Pre-Quaternary history of the eastern part of the state. Shale 

. . . , | dd ited in d t 
All the deposits we discuss in detail ayel® (mu SSPOSEICE HEE WE er) are 

relatively thin in Wisconsin, although 
were formed during the Quarternary ; 

; “ay: the Maquoketa Formation, which con- 
Period, which began about 1.6 million .; oo. 

tains shale, is widespread beneath the 
years ago and continues today (see figs. os : , 

ae Silurian dolomite underlying Ozaukee 
1 and 2). However, the geologic history .; . . 

. and Washington Counties (fig. 3). Thick 
of Washington and Ozaukee Counties . . 

a4: accumulations of shale and evaporites 
extends back several hundred million yee . . 

; ; were deposited in increasingly deep basins 
years. (More detailed discussions of 

: 4 . to the east under the southern peninsula of 
the earlier geologic history are found in ar 

Michigan, and to the south beneath central 
LaBerge, 1994.) oe | . 

a: and southern Illinois. The subsiding basin 
By about 570 million years ago, ae a: 

; in Michigan produced a gentle tilting (dip) 
Precambrian rock had been severely : 

of all these rock layers toward the east in 
eroded and deeply weathered. At that . . 

; Washington and Ozaukee Counties (fig. 3). 
time, the vast global sea advanced into . : 
Wj nf th th and + and The youngest marine rock in the state 

ISCODSAT ATOR INE SOURT ANE OMEST an lies along the Lake Michigan shore in 
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Figure 1. Geologic time scale (modified from Clayton and others, 1992). Geologic time terms 

are given in the left part of the diagram. The center column shows times of major glaciations 

during the last 2.5 million years based on oxygen isotopes in deep sea sediment. Some of the less 

extensive glaciations may not have reached Wisconsin. The past 25,000 years is expanded in the 

right column, which shows the phases of the Wisconsin Glaciation and the conditions south of 

the glacier. The horizontal axis represents the approximate distance from southern to northern 

Wisconsin, and the curves represent the ice-margin position at any given time (dashed where 

uncertain). The time of ice cover in Ozaukee and Washington Counties during the Wisconsin 

Glaciation is indicated. 

Bulletin91 « 3



x x Ji 1 ol 

Superior if e i § 9! ® . ; 
Lobe / | 8 Re a large buried valley that is probably a 

\ KSSY (S214 8 vo remnant of the preglacial stream sys- 
J Oy NE tem extends through central Washington 

y County (fig. 4). It appears to connect with 

‘“ deep valleys in other parts of the state, but 

~~ al because sediments in the valleys are much 

Green Bay younger than the valleys themselves, it is 
Lobe ' | ; . 

<— \! Washington impossible to determine whether the val- 

v / TE leys are all the same or vastly different in 
Ozaukee age. It is also not known how long before 

J / ony “x | the early glacial periods these valleys 
< Lake 

Michigan were eroded. 
il Lobe 
a e 

NX Summary of glacial events 

r a \ The Laurentide Ice Sheet covered much 

of Wisconsin several times during the last 

Figure 2. Glacial lobes in Wisconsin. Shaded 1.6 million years, during the Quaternary 

area indicates location of Ozaukee and Wash- Period (fig. 1). When temperatures fell 
ington Counties. low enough for an ice sheet to form in 

central and eastern Canada, the Laurentide 

Ozaukee County. It is Devonian (about Ice Sheet advanced southward, sometimes 

370 million years old) (fig. 1). After sev- reaching what is now the United States. 

eral hundred million years of high sea Valleys strongly influenced ice flow, so the 

levels, interrupted by short periods of Laurentide Ice Sheet separated into dis- 

retreat of the sea and subaerial erosion, the tinct lobes. Figure 2 shows the ice lobes 

sea retreated to the east into the Michigan that advanced into Wisconsin during the 

Basin and southward to the Illinois Basin. Pleistocene Epoch, which ended 10,000 

The area of Ozaukee and Washington years ago. During the past 10,000 years 

Counties became a land mass that may of the Holocene Epoch, these deposits 

never again have been submerged beneath have become vegetated and smoothed by 

the sea. Although younger rock probably erosion. Glaciers reached as far south as 

was deposited in this area, it has since Nebraska well before two million years 

been removed by stream or glacial ero- ago (Boellstorff, 1978), and it seems likely 

sion. Thus, the geologic record is miss- that glaciers also flowed down the valley 

ing for the period from Devonian to late now occupied by the Lake Michigan basin 

Pleistocene (about 25,000 years ago). at about the same time. 

Glacial sediments were deposited directly All the glacial features we see in 

on Silurian and Devonian bedrock that is Ozaukee and Washington Counties, 

370 to 440 million years old. however, were formed during the last 

Large river valleys developed in major phase of glacier expansion, which 

the Great Lakes area before glaciation. is called the Wisconsin Glaciation. On 

Glaciers have greatly modified some the basis of radiocarbon dates in Illinois 

of these valleys, and it is impossible to (Johnson, 1986), we believe this glacier 

reconstruct the drainage pattern before advanced into what are now Washington 

the most recent ice advances. However, and Ozaukee Counties about 24,000 years 

4 ¢ Quaternary Geology of Ozaukee and Washington Counties



ago. The Lake Michigan and Green Bay bate corridor, depositing large quantities 

Lobes must have advanced at more or less of sand and gravel in the Kettle Moraine 

the same time, and they joined near the area. The ice then readvanced several 

present position of the Kettle Moraine. times into Ozaukee County from the Lake 

Although there were small advances and Michigan basin before finally disappearing 

retreats during the advance phase, the ice from the county about 12,400 years ago. 

probably thickened fairly rapidly, reaching 

its maximum thickness by about 23,000 SURFICIAL MATERIALS 

to 20,000 years ago. This was followed by . . . 

a retreat of the Lake Michigan Lobe and Classification of sediment 

its later advance to rejoin the Green Bay Sediment consists of mineral and rock 

Lobe in the Kettle Moraine region about particles and dissolved components trans- 

18,000 years ago. ported and deposited by agents such as 

The two lobes remained together until water, wind, or glaciers. Much sediment 

about 15,000 years ago in Washington and is classified on the basis of its grain size. 

Ozaukee Counties, although by that time The term gravel is used in this report for 

the ice may have been thinning slowly for grains coarser than 2 mm. Sand ranges in 

several thousand years. As the ice margin diameter from 0.0625 mm to 2 mm; silr, 

retreated between 15,000 and 13,000 years from 0.002 mm to 0.0625 mm; clay, finer 

ago, a corridor developed between the two than 0.002 mm. These grains are mixed or 

lobes in the southern part of Washington sorted in various proportions by the differ- 

County and grew northward at a fairly ent transporting agents. For instance, wind 

rapid rate. Meltwater flowed southward typically transports silt considerable dis- 

beneath and above the ice in this interlo- tances from the source, sorting the grains 

W E 

Green Bay Lobe Kettle Moraine Lake Michigan Lobe 

Holy Hill sand and gravel 
Horicon sand 

Hor and gravel aa 
oricon [2 TOD NIST 

diamicton | WY ele - \ Holy Hill diamicton 
7 . [43° oo - Ee New Berlin diamicton 

x haya Ae 2 So organic oo, . 

¢ é ee sediment Waubeka diamicton Oak Creek diamicton and silt 
RY ELTA Qa —, Ozaukee diamicton 

8 PTL TT ER eee —L 
Horicon Marsh POET TAS Silurian PTL a oe aE undifferentiated 
Dn ge LOT Solomite LLL Za Se a mma TAY aA a sand 

Walp ale ee SSS ALT SITS LO SL Tiskilwa Scalp PA AF 
a LIZ CLOTS AI? ani A 

SSS SSS en be EL TIES diamicton New Berlin LS —_— — 
ee Maquoketa Fm. == Sas 7 sand and gravel oo oS SS SE EEE EH lakeshore sand 

Wo oS S ES SE EES ESS Devonian shale 
Po dolomite Galena-Platteville Fms. eS SS EEE 

_, SSeS 
4] limestone diamicton 

shale sand and gravel 

Figure 3. Diagrammatic cross section of glacial deposits and underlying bedrock in Ozaukee and 

Washington Counties. Not to scale. 
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Figure 4. Bedrock topography map of Ozaukee and Washington Counties (from Young and Batten, 

1980). 

before deposition takes place, forming and streams is generally sorted more thor- 

a homogeneous material called loess. oughly than sediment left by glaciers. 

Grains deposited closer to the source, in Most of the landscape in Ozaukee and 

dunes, are sand size. Rivers transport all Washington Counties is underlain by sedi- 

sizes, but normally there is some sorting ment directly associated with glaciation. 

of these grains by size as the sediment The descriptive term diamicton is used to 

settles. Thus, a stream in one place may describe nonsorted or poorly sorted sedi- 

deposit sand layers; in another, coarse ment that has a wide range of grain size 

gravel layers. Sediment deposited in lakes and a fine-grained matrix that may have 

been deposited in one of several ways. 
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Diamicton can be deposited directly Washington County contains more sand 

beneath the ice (subglacially) or on ice and gravel particles because it was derived 

margins by mudflows, landslides, and col- from the underlying dolomite bedrock or 

lapse off ice or surrounding slopes. These older sand and gravel deposits. 

origins are difficult to determine without 

detailed study, so the term diamicton is Lithostratigraphic units 

used on plates | and 2 without further . . 

indication of genesis. We did interpret Explanation of units 

the genesis of diamicton in places where The diamicton deposited during an indi- 

we collected samples. The most common vidual glacial advance is generally some- 

type of diamicton in this area is called sill, what distinct from that deposited during 

and it is generally deposited at the base of earlier or later advances. This allows us 

the glacier as basal till. Till is deposited to look at the distribution of diamicton 

directly by ice without subsequent trans- layers that have different characteristics 

port by streams or downslope movement. and to reconstruct the sequence of glacial 

References in the text to till, basal till, or events. Sand and gravel deposits and silt 

supraglacial sediment are based on genetic and clay deposits of glacial lakes can also 

interpretation. be associated with a particular glacial 

Sediment that has characteristics advance. To provide a framework for 

similar to till accumulates at the edges of classifying these major groups of deposits, 

many glaciers as debris melts out at the geologists define lithostratigraphic units 

ice surface. This material 1s called suprag- called formations, which are subdivided 

lacial sediment. It settles onto the ground into members. These units cover areas of 

with some sliding and flowing off the ice, at least several square kilometers, have 

and this may lead to some sorting. Poorly more or less consistent characteristics, 

sorted supraglacial sediment is included and are recognizable by field or laboratory 

with basal till in the diamicton units on investigation of their physical or chemi- 

plates 1 and 2. Supraglacial sediment units cal characteristics. Formations are easily 

are usually thin, and unless good expo- distinguishable in the field in most of 

sures of the sediment are studied in detail, eastern Wisconsin. In some places succes- 

they cannot be distinguished from till. sive readvances of ice deposited materi- 

Other sediment released on the ice surface als that are so similar that they cannot be 

is transported by streams; this sediment distinguished from each other in the field, 

is somewhat stratified and sorted and we but require laboratory tests to differenti- 

mapped it as sand and gravel. ate them; these lithostratigraphic units are 

Each glacial advance deposited till termed members of a formation. 

with a characteristic set of physical prop- Deposits of four formations are pres- 

erties. Much of the “red clay” found in ent in the two-county area, and all but one 

eastern Ozaukee County is till deposited of these are present at the surface (figs. 3 

by readvances of ice out of the Lake and 5; plates 1 and 2). The oldest of these, 

Michigan basin. Till here is more clayey the Zenda Formation (fig. 3), consists of 

than it is farther west because the glacier one member called the Tiskilwa Member 

incorporated lake sediment that was rich and contains reddish-brown silty diamic- 

in silt and clay during its advance; till ton (Mickelson and others, 1984). The 

in western Ozaukee County and all of Zenda is not present at the surface any- 
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Figure 5. Physiographic regions of Ozaukee and Washington Counties. 

Z—Ozaukee Member of the Kewaunee Formation 

O—Oak Creek Formation 

W—Waubeka Member of the Holy Hill Formation 

N—New Berlin Member of the Holy Hill Formation 

H—Horicon Member of the Holy Hill Formation 

U—Holy Hill Formation (undifferentiated New Berlin and 

Horicon Members in the Kettle Moraine region) 

where in the two counties, but has been is used here for the first time, and it is 

found in a few places in the subsurface. It formally defined in the appendix. The 

is generally thin. sediment in the Holy Hill Formation 

Stratigraphically above (and there- was deposited at about the same time 

fore younger than) the Zenda is the Holy by ice and water of the Green Bay Lobe 

Hill Formation (figs. 3 and 5). This name (Horicon Member, map-unit identifiers 
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starting with H on plate 1, defined by around the Lake Michigan basin into 

Mickelson and others, 1984) and the Lake the state of Michigan. Ice from the latest 

Michigan Lobe (New Berlin Member, advance into Ozaukee County deposited 

map-unit identifiers starting with N on the Ozaukee Member of the Kewaunee 

plate 1, defined by Mickelson and others, Formation (defined by Mickelson and 

1984) when these lobes were at their max- others, 1984) (figs. 3 and 5; map-unit 

imum extent. The Holy Hill Formation identifiers starting with Z on plate 1). The 

and its members contain sandy, stony diamicton of the Ozaukee Member is dis- 

diamicton, and most of the large sand tinctly reddish brown and clayey. It covers 

and gravel pits in western Ozaukee and a zone several kilometers wide along the 

Washington Counties are located in the Ozaukee County shoreline. 

sand and gravel of these units. The strip Water was produced by melting at the 

of undifferentiated Holy Hill Formation ice surface and bed throughout the time 

sand and gravel, found in the Kettle glaciers covered Ozaukee and Washington 

Moraine between the Horicon and New Counties. Water flowed off the glacier, 

Berlin Members (figs. 3 and 5; map-unit out from beneath the glacier, and away 

identifiers starting with U, plate 1), is a from the ice. This meltwater transported 

mixture of sediment from both ice lobes, sand and gravel that had been picked up 

thus preventing differentiation of the sand beneath the ice or along the ice margin. It 

and gravel into the two named members. transported sediment southward into the 

Diamicton in this area is part of either area of Waukesha County, or southward 

the Horicon or New Berlin Members. and then eastward into Lake Michigan. 

However, these members cannot be dif- Many valleys in the two-county area are 

ferentiated strictly on the basis of lithol- filled with sand and gravel deposits, called 

ogy; therefore, these units in the Kettle outwash, left by glacial meltwater streams. 

Moraine region (map units Utr and Uth, Outwash is more thoroughly sorted and 

plates 1 and 2) are shown as undifferenti- stratified and lacks a fine-grained matrix. 

ated Holy Hill diamicton. This material is commonly mined for sand 

Stratigraphically above the New and gravel. Outwash has hydraulic con- 

Berlin Member is the Waubeka Member ductivity values ranging from 10° to 10° 

of the Holy Hill Formation (figs. 3 and ms” (a function of sediment permeability) 

5; map-unit identifiers starting with W and is a source of usable groundwater in 

on plate 1; plate 2). This is the first usage eastern Wisconsin. 

of the term Waubeka Member, and it is Streams carried silt and clay particles 

defined in the appendix. The Waubeka farther than they carried sand and gravel. 

Member contains diamicton (intermedi- Silt and clay were normally deposited 

ate in grain size) deposited by the Lake only in standing bodies of water such as 

Michigan Lobe between diamicton of Lake Michigan and other glacial lakes 

the New Berlin Member to the west and in Ozaukee and Washington Counties. 

more clayey surficial diamicton units to Stratified and sorted sand, silt, and clay 

the east. Ice of subsequent readvances are present in areas once covered by 

from the Lake Michigan basin deposited lakes (plate 1). All the stratified gravel, 

the younger diamicton of the Oak Creek sand, silt, and clay deposits are included 

Formation. The gray clayey diamicton in a formation or member along with the 

extends from Ozaukee County southward diamicton with which they are associated. 
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Methods Wisconsin—Madison. Drillhole records 
are on file at the Wisconsin Geological 

Samples collected from surface expo- . 

sures and power-auger holes during the and Natural History Survey (WN-941— 

1986, 1987, and 1988 field seasons were WN-969 and O2-535-OZ-541). 
analyzed in the Quaternary Laboratory 

of the University of Wisconsin—Madison Zenda Formation 

(Mickelson and Syverson, 1996). Tiskilwa Member. In a few places in the 

Sand:silt:clay ratios were calculated two-county area diamicton and strati- 

for the less-than-2-mm fraction using fied sand and gravel of this formation 

wet sieving, dry sieving, and hydrom- lie between the bedrock and the over- 

eter methods described by Muldoon lying Holy Hill Formation. Only four 

(1987). Reported means are arithmetic samples of what we believe to be Tiskilwa 

means. The magnetic susceptibility was diamicton were collected (WN-52-87, 

calculated using methods described by WN-118-87, WN-37-88, WN-38-88). 

Muldoon (1987) and DonLevy (1987). The diamicton is a gravelly, clayey, silty 

All values are reported in MKS units. sand that is light reddish brown (SYR 6/4) 

Munsell colors were measured on moist to pink (7.5YR 7/4) where it has been 

till samples under field conditions and oxidized. Samples from below the water 

in Quaternary Laboratory water suspen- table are generally grayer. Analyses of the 

sions. Clay mineralogy was determined samples interpreted to be till resulted in 

using the X-ray diffractometer at the an average sand:silt:clay ratio of 44:37:18 

University of Wisconsin—Madison. Clay- (table 1; fig. 6), similar to the mean ratio 

mineral percentages were calculated using of 42:35:25 reported by Mickelson and 

the semi-quantitative peak ratio method others (1984) for the unit in southeastern 

of Guccione (1985), unless otherwise Wisconsin. Syverson (1988) reported 

indicated. Mechanical analysis fractions one sample that had an expandable 

0.25 to 0.1 mm, 2 to 1 mm, and greater clay:illite:kaolinite plus chlorite ratio of 

than 2 mm in diameter are on file in the 20:60:20, fairly similar to the 18:67:15 

Quaternary Laboratory, Department of ratio reported by Mickelson and others 

Geology and Geophysics, University of (1984). Magnetic susceptibility ranges 

Table 1. Properties of till deposits in Washington and Ozaukee Counties. Only samples interpret- 

ed as basal till are included in the database for this table. (For statistics and individual sample 

data, see Mickelson and Syverson, 1996.) 

Magnetic susceptibility 

Unit Sand:silt:clay Color (MKS units) 

Ozaukee Member 17:50:33 SYR 5/4 1.2 x 10°-7.9 x 10% 
Oak Creek Formation 13:58:29 1OYR 5/1 1.3 x 10°-9.8 x 10% 

Waubeka Member 33:52:14 10YR 6/4 1.3 x 10°-2.1 x 10° 

New Berlin Member 54:35:11 10YR 6/4 3.0 x 10°-9.7 x 10% 

Horicon Member 55:33:12 10YR 6/4 1.4 x 10°-8.0 x 10° 

Undifferentiated till of the 

Holy Hill Formation 

(Kettle Moraine region) 46:39:15 10YR 6/4 1.4 x 10°—5.7 x 10° 

Tiskilwa Member 40:38:22 SYR-7.5YR 6/4 1.8 x 10°-8.6 x 10% 
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from 1.8 x 10° to 8.6 x 10% (MKS units), discussion of properties of the Horicon 

not significantly different from other Member in Washington County. 

lithostratigraphic units. The unit is thin 

and only identified in the subsurface, so New Berlin Member. At the time that ice 

no values of hydraulic conductivity or and meltwater from the Green Bay Lobe 

engineering properties could be measured. were depositing Horicon Member diamic- 

Correlation is tenuous because of the ton and stratified sand and gravel west of 

long distance between Washington and the Kettle Moraine, the Lake Michigan 

Ozaukee Counties and the type section in Lobe and its streams were depositing 
[linois. diamicton and stratified sand and gravel 

of the New Berlin Member east of the 

Holy Hill Formation Kettle Moraine (fig. 5). This diamicton 

. (map units Ntr, Nts, and Nth on plate 1; 

Horicon Member. Deposits of the plate 2) is gravelly, clayey, silty sand, and 

Horicon Member cover most of western is similar to Horicon Member diamicton. 

Washington County (fig. 5; map-unit iden- Samples interpreted to be till have a mean 

lifters starting with H on plate I; plate 2). sand:silt:clay ratio of 54:36:11 (table 1; 

Horicon sediment was deposited by ice fig. 6). Sand and gravel of the Horicon and 

and meltwater of the Green Bay Lobe as New Berlin Members is rich in dolomite 

ice flowed into the county trom the north- (80-95%). No compositional differences 

west. The diamicton (map unit Hts, plate between the sand and gravel in the New 

1) 1s gravelly, clayey, silty sand. The field Berlin Member and that in the Horicon 

color is light yellowish brown (IOYR 6/4). Member were determined, although Alden 
Analyses of 20 samples interpreted to be (1918) stated that they could be distin- 

till resulted in a mean sand:silt:clay ratio guished on the basis of color between 

of 91:36: 12 (table I; fig. 6). The tll is westerly derived Ordovician dolomite 
sandier close to the Kettle Moraine than it and easterly derived Silurian dolomite. 

is along the western edge of Washington Rodenbeck (1988) reported a value of 

County. Other properties are tabulated in between 10° and 10° ms" fora field 

table I. hydraulic conductivity test on diamicton at 

, Although the hydraulic conductiv- one site in Washington County. The actual 

ity of this unit was not measured as part range of hydraulic conductivity values is 

of this study, measurements of nearby probably similar to that of the Horicon 
Horicon Member sites in Dodge County Member. 

have field conductivity values of 10* and 

10" ms" (Rodenbeck, 1988). This wide Undifferentiated sediment in the Kettle 

range in values probably indicates that Moraine area. Coarse, stratified sand and 
some measurements were made in diamic- gravel derived from the Green Bay and 

ton and some Th better-sorted sediment. Lake Michigan Lobes dominates the sedi- 

S tratified sand and gravel of the ment of the Kettle Moraine (fig. 5; map- 

Horicon Member 1s variable, ranging unit identifiers starting with U on plate 1). 

trom bouldery gravel to fine sand. The The sediment from the two lobes is indis- 

distribution of stratified sand and gravel tinguishable in this area because of similar 

and diamicton is shown on plates | and 2. lithologies. Properties of the sediment are 

Syverson (1988) offered a more detailed provided in figure 6 and table |. In places 
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on rolling uplands where diamicton is at eral places, indicating that ice retreated at 

the surface, sand and gravel is at relatively | least that far into the Lake Michigan basin 

shallow depths beneath the diamicton. The | before readvancing and depositing this 

diamicton is interbedded with well sorted diamicton as a separate unit. No engineer- 

sand and gravel in several areas; this prob- | ing properties or hydraulic conductivity 

ably is the result of mudflows coming off values are available for this unit. It is 

the ice margins into the interlobate trough. above the water table and relatively thin 

Other diamicton units may represent where observed in the field, so determina- 

minor ice-margin advances over stream tions of engineering properties and hy- 

sediment previously deposited in the inter- | draulic conductivity have been difficult. 

lobate zone. 

Oak Creek Formation 

Waubeka Member. Ice eviden tly a After deposition of the diamicton of the 
treated from the Kettle Moraine into the . : 

Lae ; ws: Waubeka Member, the ice margin retreated 
Lake Michigan basin after deposition of ‘nto the Lake Michiean basin and 

diamicton of the New Berlin Member and see Ee AS NOMEN Das anemeay 
the associated sand and gravel. When the have retreated far to the north. Diamicton 

Kettle Moraine was being formed ice (map units Oth and Othe, plate 1; plate 2) 
flow was approximately from eas t to west and associated stream sediment of the Oak 

in western Ozaukee and eastern Washing- rae Orman 1 Tr epost’ nen 

ton Counties. A subsequent readvance out See NINE ONE OOO 
of the Lake Michigan basin came from preted to be till is silty clay that has rela- 

the northeast to an ice margin that was tively few gravel-size particles. The mean 
oriented northwest_southeast in south- sand:silt:clay ratio is 13:58:29 in Ozaukee 

ern Washington County (fig. 5: plate 1) and southwestern Washington Counties 

Compared to the underlying New Berlin (lig. 6; table I). The field color of this unit 

till, the diamicton we interpreted as till de- ‘4 poner a ee SN IOYR 
posited by this advance (map units Wtsp 6/4) he ‘en ‘is 1 Th | own f| 

and Wtr, plate 1) contains more silt and deo ees eee BON 
clay and has a mean sand‘silt:clay ratio of direction was different from that of the ice 

35:32:14 (fig. 6: table 1) The Geld color that deposited diamicton of the Waubeka 

ee ES ; Member: It appears that the diamicton of 
of this unit is generally yellowish brown ; 
to brown (IOYR-7.5YR hues). This previ- the Oak Creek Formation was deposited 

, .; by ice flowing out of the Lake Michigan 
ously unnamed unit (formally defined in , 
the appendix) has been recognized along basin almost directly toward the west. The 

the shoreline of Lake Michigan in Ozau- ice may have flowed slightly toward the 
kee and Milwaukee Counties and is prob- northwest in parts of southern Ozaukee 

: County. Diamicton, till, and outwash of 
ably the same unit as till 1B described by . 

. i. the Oak Creek Formation contain a large 
Mickelson and others (1977). The diamic- 
ton (map unit Wtsp, plate 1; plate 2) is amount of black shale compared to that 

. . ° found in the New Berlin Member. This 
relatively thin (normally less than 2 or 3 ts that h of the diamict d 

m thick) and blankets east-west trending nee ° in vty ° d ~ ote lak 

drumlins of the slightly older New Berlin aeeea an see ETS COTE TOTES 

Member. It is present along the base of sediment and shale beneath present-day 

the Lake Michigan bluff (plate 1) in sev- Lake Michigan. 
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Rodenbeck (1988) summarized fewer shale fragments than the underlying 

numerous measurements of engineer- diamicton of the Oak Creek Formation, 

ing and hydrologic properties at Omega suggesting that the shale beneath Lake 

Hills landfill in the southeastern corner Michigan was covered by a thick blanket 

of Washington County. Values of field of sediment when this ice advance took 

hydraulic conductivity for what was place. No measurements of hydraulic 

described as till ranged from 10° to 10° conductivity were done for this study, but 

ms’'. These values from the southeast- two values were compiled from Wisconsin 

ernmost corner of Washington County Department of Natural Resources files by 

and adjacent Waukesha County are the Rodenbeck (1988) for diamicton in north- 

only ones available for till of the Oak ern Ozaukee County. These field hydraulic 

Creek Formation in the two-county conductivity values are about 10°’ ms". 

area. However, numerous field mea- If more samples were available, a wider 

surements of hydraulic conductivity by range of values would be present. 

Simpkins (1989) for diamicton in southern 

Milwaukee and northern Racine Counties Postglacial sediment 

ranged from 10° to 10" ms”. Further dis- | 4 shin layer of loess (wind-blown silt) 
cussion of correlation of deposits across ; 

Milwaukee County is included in the final was deposited on much of ' he land " rface 
section of this report. after the retreat of the glacier, but this | 

material is generally less than 0.3 m thick 

. and is not shown on plates | or 2. The 

Kewaunee Formation landscape has been modified by streams 

Ozaukee Member. After several minor and downslope movement since the ice 

readvances of the ice deposited layers of melted and throughout the Holocene. 

diamicton of the Oak Creek Formation Erosion has taken place on hillslopes 

(only one or two of which are recog- and in small channels, and deposition of 

nizable in Washington and Ozaukee this sediment has taken place in larger 

Counties), the ice retreated to the north stream valleys (map unit a, plate 1). Mass- 

end of the Lake Michigan basin. This wasting deposits and deposits in small 

retreat of the ice front allowed water and streams are not shown on plate 1 because 

large amounts of reddish-brown sediment they cover too small an area. 

to enter the Lake Michigan basin from the The Lake Michigan shoreline of 

Lake Superior basin. The subsequent ice Ozaukee County has eroded considerably. 

advance deposited reddish-brown, silty, Shoreline erosion observed during the last 

clayey diamicton of the Ozaukee Member 100 years is probably typical of what has 

of the Kewaunee Formation (map units taken place during much of the last 5 OOO 

Ztdb, Zth, Zthe, and Ztsp, plate 1). The years. The amount of erosion is linked to 

mean sand:silt:clay ratio for diamicton fluctuating lake level, which is briefly dis- 

interpreted to be till in Ozaukee County is cussed later in this report. The beach sand 

17:50:33 (fig. 6; table 1). Its deep reddish- along Lake Michigan is not wide enough 

brown color (SYR 5/4), where oxidized, to be shown on plates | or 2, except where 

makes it easily distinguishable from older older beach sand is preserved on a wave- 

units. Diamicton of the Ozaukee Member eroded terrace. 

is richer in dolomite fragments and has 
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Finally, peat and muck have accumu- Origin of glacial landforms 
lated in lowlands throughout the county. . 

. Moraines 
Generally, they are shown as organic 

deposits (map unit 0, plate 1) but are too End moraines, often simply called 
thin to be shown on plate 2. Many areas moraines, are ridges formed perpen- 
that once contained a considerable thick- dicular to ice-flow direction at the end 

ness of peat have been drained and farmed | or outermost edge of a glacier. They are 
so long that much of the peat has been composed mostly of till and supraglacial 

destroyed by oxidation of the organic diamicton, although hummocky stream- 
matter. deposited sand and gravel is commonly 

present. Although they probably form 

LANDFORM REGIONS during brief periods of stability during 

The L de Ice Sheet in Ozauk d ice-margin advance as well as during ice- 

W. hireton Ce ce me ed ZAUIKEE i" margin retreat, those formed during retreat 

. VF ington Servecn 35, 000 nd 12.00 > are commonly the only ones clearly pre- 

cla an Mr f h an ; df served. A glacier acts like a conveyor belt, 

years ago (lig. 7). Most of t C8 NAN CLOTS carrying boulders, sand, silt, and clay from 
can be found on plate | by reading the 

unit descriptions or line symbols. 

A. 
— _ 

a — 

— ae 

Joo ~ 

ee Ze <___— ice flow 
Sy _— _ 7 

moraine 

B. ZES “INFN __s 

EE < TRS aw 7 hummock 

Sy — ee can A Te fi 7] d i 

Ry oe OC LL sete 
A CO / LIA EZ ze f S BI ny Wel esker rTTTTI > oe Ji a 575 Of IA TTTTTTY ay 24 LLL ad | PS v arr ~ we _ ait 

SD 2 ice-walled lake plain so SS NS “% ae =e > ~ 

Figure 7. Sketch of (A) ice sheet at maximum extent and (B) the distribution of landforms left after ice 

retreat (modified from Attig and others, 1989). Distance across diagram approximately 10-20 km. 
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stream flow 

A. a Tee ar ete Pe eae ee eo 

| _ an a 
—T SCE weet ey stagnant glacier ice 

"sand and gravel ne ee for P ner bre Pah rere rr ny 

remnant buried ice 

B. 

outwash pitted outwash y kettles \ hummocky topography 

Figure 8. Formation of outwash plain, pitted outwash plain, and hummocky topography. 

A. Water from melting ice deposits sediment and buries residual ice. B. Water flow stops and 

residual ice melts to produce final topography. 

beneath the ice to its terminus; as the ice Outwash plains and pitted outwash 

melts, end moraines are formed. The sedi- plains 

“hasin secumuaes whe roauce a MOFAINe Outwash is sand and gravel deposited by 

uNE times wien MA . “vlawier acta streams flowing away from the glacial 

remenns ne ag the g Tl tikeli. margin. Where streams deposit outwash 

. ‘ime at aunt sold be n "4 t 1 t on solid ground, no collapse takes place 

Rath no “hin love ord © proguce id b and the former stream bed is preserved 

tat in 4 mn oO ° n he londeca © in a gently sloping outwash plain (fig. 8; 

istributed evenly across the landscape. plate 1). Where glacial meltwater exits 

from tunnels beneath the ice or flows 

Kettles off the ice at the ice margin, sand and 

At the edge of glaciers, sediment is often gravel is sometimes deposited on ice. 

carried upward in the ice; it accumulates When this happens, the buried ice slowly 
on the ice surface as the ice melts. (The melts to produce kettles. In some places, 
outermost kilometer or so of the ice in hummocky sand and gravel is produced 
Wisconsin was likely covered with at least because the buried ice was extensive and 

1 m of sediment that had melted out of the the whole surface of the gravel ultimately 
ice.) The sediment cover, in turn, slows collapsed (fig. 8). Only isolated blocks 
the melting of ice below. This allows the of ice were covered by stream-deposited 
formation of kettle holes or kettles (fig. 8). sand and gravel in other places; in these 
These depressions, formed by melting of places, part of the former stream bed was 
buried ice blocks followed by the collapse preserved after collapse and 1s only inter- 

of the overlying sediment, often produce rupted here and there by kettle holes. We 
hummocky topography (many small, irreg- mapped this type of surface as a pitted 

ular hills and depressions) that develops as | outwash plain (fig. 8; plate 1). 
sediment is slowly let down over hundreds 

or thousands of years. End moraines nor- Ice-walled-lake plains 

mally pave nummoey top OBTEP hy wien Ice-walled lakes are common features 

many KetUles that olten contain ponds, where a thick sediment cover is present 
lakes, or bogs. 
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on the ice. These lakes are confined on formation. Alden (1918, p. 308) believed 
all sides by debris-covered ice. Sediment that these conical hills formed at the base 

flows and slides into the lake, where it is of vertical shafts in the ice (moulins) as 

deposited. After the surrounding ice melts, meltwater carried debris into the shaft and 

the lake deposits often stand higher than dropped vertically down the moulin. Black 

the surrounding landscape and are called (1969, 1970, 1974) also advocated this 
ice-walled-lake plains (fig. 7; map unit mechanism of formation. 
Uipi, plate 1). Alternative mechanisms have been 

proposed by several authors (Cook, 1946; 

Interlobate moraines Holmes, 1947; Mickelson and others, 

h lobes of elacial ice f 1989). In some cases it is likely that these 

Ww oh two hes did in W hi ow hills formed in places where the roofs 

oe “t, ° > id in Was Fete. of subglacial tunnels collapsed (glacier 

ounty » a large ridge or set oF rl Bes 1S sinkholes), allowing water and sediment 
deposited between the two lobes. This 1s t ; 

. O pour into a tunnel from above (fig. 10). 
called an interlobate moraine. The Kettle M belacial t | located j 

Mora hich runs through Washington Se eae eee) ene an 
C oreanne io 5: plate 1). ; en ; A the interlobate region during the forma- 

ount y ( - i ate ys nt inter ° ch tion of the Kettle Moraine. When parts of 
moraine, and it does not contain as muc ; 
till as most end moraines. Here. ice ow these collapsed, probably at the location 

ed sedi he , f of moulins, water and sediment from the 

CAENeE Se tment up to the ice surtace surface of the ice poured into these glacier 
where it accumulated to form supraglacial sinkholes. The water flowed away and a 

sediment (fig. 9). A fairly thick debris mound of sand and gravel accumulated 

cover must have formed at the Junction and remained after the surrounding ice 

of the two lobes hen tie Ice was at its melted away. We have observed small 

volt dows ance st his. tae to | moulin kames forming beneath moulins as 

oi own an b ofita this ted bs acta well as glacier sinkholes associated with 

°f tment, men 9 It Ceposited by supra- the collapse of parts of subglacial tunnels 
glacial streams in the low area between in Alaska. Many of the highest hills in 

the two lobes, settled onto the land surface Washington County, including Holy Hill 

as a complex set of smaller landforms. (which can be seen from many kilome- 

Most of the Kettle Moraine consists of t ; ; 
ers away), are sinkhole kames or moulin 

hummocky sand and gravel formed in this kames 

way. In places along the Kettle Moraine, 

these deposits form a double ridge, each . 
; Drumlins 

ridge built by one lobe. 
Some glacial features in the area formed 

Moulin kames beneath the glacier. One of the most strik- 

Ani ve landf athe Kettl ing is the drumlin, a streamlined hill with 

" mp ie the an hin In the ettle its long axis oriented parallel to the ice- 

led a 's iL io ke iM The somenimes flow direction (fig. 7; plate 1). These hills, 

CIE 8 STEMONE ame). ese MEN often shaped like inverted spoons, are 
conical hills are unusual in other environ- d of diamict d sorted sand 

but are abundant throughout the oie allele aeanaaeusane anaes 
ments, DU S and gravel and were shaped by flowing 
Kettle Moraine area. Researchers have glacial ice 

conflicting hypotheses about their mode of 
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Figure 9. Formation of Kettle Moraine. Thick layer of debris insulates underlying 

A. Green Bay and Lake Michigan Lobes meet ice. Material starts to slump into low areas. 

in the interlobate region. Lake Michigan Lobe Meltwater streams deposit outwash parallel 

flows up the regional slope of the land surface. to the western margin of the Kettle Moraine. 

Compression brings debris from the base of Ice-dammed lakes form in front of the Lake 

the ice up to the surface. Subglacial stream Michigan Lobe as the ice margin retreats 

flowing in tunnel deposits sand and gravel. down the easterly sloping land surface. 

B. Ice thins. Meltwater streams at the surface D. Hummocky sand and gravel is lowered as 

transport and deposit sand and gravel in the underlying ice melts, thus forming most of the 

interlobate corridor. More subglacial tunnels high areas in the Kettle Moraine of Washing- 

form in the interlobate region. C. Glacier ton County. Eskers remain as prominent ridges 

lobes separate from the interlobate region. in segments of the Kettle Moraine. 
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Tunnel channels Glacial lake plains 

Water produced by melting at the glacier’s Water derived from the ice is commonly 

surface or base generally moves along the ponded in depressions against the ice mar- 

bottom of the ice toward the ice margin. gin (where river drainages are dammed by 

A major landform produced by this sub- ice). These proglacial lakes collect sand, 

glacial water is the tunnel channel, a large silt, and clay to form relatively flat plains. 

channel cut by subglacial water flowing These lacustrine plains or lake plains 

toward the margin (fig. 7). These chan- are common in Washington and Ozaukee 

nels, cut into rock or glacial sediment, Counties. 

are typically about | km wide and longer . 

than 10 km, and are especially common 
: SERS: SIDI POG 9 CorSPerro in areas covered by the Green Bay Lobe. BECO IRE SOIR RAYE BAI BEE 0 2,09, 

They probably formed in Wisconsin when x x 

the ice was quite thick and cold enough to SC glacial ice x “ * 

prevent the melting of tunnels up into the y, 

ice. * x 
x x 

Eskers 
Another major landform produced by sub- B. 

glacial water is the esker, a ridge of sand debris flows, water, 

and gravel deposited by streams flowing sand, and gravel flow 

beneath the ice (fig. 7). Eskers presumably SieRoe info glacier sinkhole 
0K 0 O99 

form when the ice temperature is at the ° SSUp8 . BESHESA ES 
melting point, so a tunnel can form more “ RSS ie 

. . . : : x D0 QO x x 

easily in the ice than it can below the ice, N PPR 20 OFF 

just the opposite of the tunnel channel. ye PS RE x 
Eskers are commonly located in tunnel x Le ee we] OX S< 

, doo. Die . ¢ 85 
channels, demonstrating that they formed 

later than the tunnel channel (perhaps 

after the ice had warmed to the pressure C. 

melting point). Eskers are common in the a 
. . diamicton from 

Kettle Moraine, and in places make up debris flow 

most of the interlobate ridge. A 
See oe sand and gravel 

2 b<¢ . RSE . yo 

Meltwater channels oF oe Ra NQto™ y 
oon. P05 PS PD 

Erosional features are also formed by . 
meltwater near the edge of the glacier. Figure 10. Model of moulin kame or sinkhole 

; kame formation (modified from Brodzikowski 
One type of channel, a proglacial chan- . 

and van Loon, 1991). A. Subglacial tunnel 
nel, forms as water flows away from the a 
. forms. Debris is present at the ice surface. 

Ice Maret. Another type, an iCe-IMar ginal B. Glacier sinkhole develops as roof of tun- 

channel, is cut by water flowing along nel collapses. Water and debris from the ice 
the ice margin. It is found where the land surface flow into the depression. Sediment 

slopes toward the glacier so that water accumulates in depression as water flows out 
is prevented from flowing directly away through a tunnel. C. Conical hill remains after 

from the ice margin. ice melts away. 
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Landforms associated with less in the area west of Kewaskum, and 

Horicon Member greater than 2:1 west of Cedar Lake. This 

The western one-third to one-half of increasing elongation of drumlins is unex- 

Washington County was most recently plained. Borowiecka and Erickson (1985) 

covered by ice of the Green Bay Lobe point out that drumlins “are smaller, 

(fig. 5). This lobe abutted ice of the Lake more round, and more closely spaced 

Michigan Lobe at what is now the Kettle On Up lands (than in the lowlands), | and 

Moraine. All glacial and related depos- this appears to be the case 1n Washington 

its in this area are part of the Horicon County. They are found In some places 

Member. where glacial deposits are very thick (120 

The dominant glacial landform in m); in other places, in areas of shallow 

western Washington County is the drum- bedrock. 

lin. Subglacially streamlined hills (fig. 11) The drumlins do not extend eastward 
are common features throughout this area to the Kettle Moraine; instead, there 1s a 

(Alden, 1918: Borowiecka and Erickson, drumlin-free area of outwash plains and 

1985) and are oriented northwest—south- gently rolling till surfaces. The conditions 

east, indicating that ice was flowing necessary for drumiin formation presum- 

toward the Kettle Moraine. The drumlins ably did not exist under ice that was near 

in Washington County are part of the the present-day position of the Kettle 

Campbellsport drumlin field described by Moraine. It 1s also possible that small 

Black (1974). They are among the high- drumlins on the till surface have been bur- 

est in the state, but in Washington County ied by sand and gravel. 

the relief is more subdued than it is to the Two major valleys west of Cedar 
north in Fond du Lac County. Lake are interpreted to be tunnel channels 

Although the scientific community (Syverson, 1988). These tunnel channels 

generally agrees that drumlins are subgla- are cut into till and bedrock for lengths 

cial features, the details of their forma- of 3 km or more and trend in a north- 

tion are still debated. Whittecar (1976), west-southeast direction. One, shown 

Whittecar and Mickelson (1977, 1979), in figure 12 (and on plate | as cutbank 

and Stanford and Mickelson (1985) symbols about 5 km west of West Bend), 

studied drumlins in Waukesha County is as much as 35 m deep, 500 m wide, and 

and concluded that, for the most part, more than 3 km long. Several eskers up 

they consist of deposits that predate the to 10 m high are present in the bottom of 

last glaciation. The drumlin-forming ice the channel (figs. 12 and 13). Like many 
advance carved the drumlins out of pre- tunnel channels that formed beneath the 

existing deposits across the landscape. Green Bay Lobe, the floor of the chan- 

Almost all drumlins have at least a surface | 2° slopes downward to the northwest, 

layer of till that was deposited during the opposite the ice-flow direction. Water in 

retreat of the most recent glacier. Very few the channel flowed uphill to the southeast 

exposures in drumlins exist to test hypoth- and out from beneath the ice sheet. This 

eses of drumlin formation in western characteristic, along with the presence of 

Washington County. eskers on the valley floor, is a sign that 

Syverson (1988) found that the drum- this is a subglacial channel and not a chan- 

lins in Washington County typically have nel formed by streams flowing away from 

length-to-width ratios of about 1.8:1 or the glacial margin. 
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Figure 11. Part of Campbellsport Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute 

series, topographic, 1974), showing closely spaced drumlins that lack pronounced elongation 

(T12 and 13N, RI8E). 

Another tunnel channel is present in secs. 22, 26, and 36. An outwash fan at 

3.5 km northwest of Slinger. This chan- the mouth of this channel is graded to the 

nel is about 25 m deep, 500 m wide, and outwash surface between Cedar and Pike 

is traceable for 3.2 km to a large swamp Lakes. 

in secs. 22 and 27, TI1N, RI8E. After As the glacier began to retreat from 

the tunnel channel formed, ice filled the the Kettle Moraine, streams flowing 

depression. Water drained southeastward away from the ice deposited sand and 

along the edge of the partly buried ice gravel in gently sloping outwash plains. 

block as the ice wasted away, forming a An extensive outwash plain lies in south- 

well developed terrace underlain by gravel western Washington County (map units 
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Figure 12. Part of Allenton Quadrangle, Wisconsin (U.S. Geological Survey, 75-minute series, 

topographic, 1971), showing tunnel channel (banks marked with dashed lines) and associated 

eskers (E), TIIN, R18 and 19E. Water flowed to the southeast. 

Hgp and Hgpp, plate 1). The plain slopes ice-contact face of the outwash plain. This 

south—southwestward from a hummocky, river valley developed as an ice-marginal 

collapsed area with an elevation of 320 channel during retreat of the glacier, after 

to 323 m, located 3 to 5 km southwest of the outwash plain had formed. 

Pike Lake. The density of kettles gradu- Sand and gravel outwash of the 

ally decreases to the south. The hum- Horicon Member forms another smooth, 

mocky, collapsed upstream end of the gently sloping plain abutting the western 

outwash plain is an ice-contact face that face of the Kettle Moraine from Cedar 

marks an ice-marginal position of the Lake to a point 2 km south of Pike Lake 

Green Bay Lobe. The Ashippun River (map units Hgp and Hgpp, plate 1). This 

flows west-southwestward, parallel to the plain formed as meltwater from the wast- 
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Figure 13. Photograph of esker in tunnel channel (NE1/4 NW1/4 sec. 1, T11N, RISE; seen on 

topographic map in fig. 12). 

ing Green Bay Lobe was deflected toward as much as 15 m of silt. Presumably, Lake 

the southwest by the high, ice-cored Kettle | Wayne drained as the northern outlet was 
Moraine ridge. Large blocks of ice buried deglaciated, so the lake was short-lived. 

by this outwash east of Hartford and north 

of Slinger later melted to form kettles now Landforms associated with 

occupied by Pike and Cedar Lakes. undifferentiated Horicon and New 
Large, flat areas containing thick Berlin Members (Kettle Moraine) 

deposits of peat, silt, and sand are pres- 

ent at Wayne Marsh (fig. 14; map units The hummocky topography, numerous 
0, Hip, and Hsp, plate 1) and the area to lakes, and forests have made the Kettle 

the southeast. An early ice-margin posi- Moraine a popular recreational area. 

tion is marked by the hummocky sand and_ | To protect this unique area, the state of 
gravel deposits south of Wayne Marsh Wisconsin established the Kettle Moraine 

(fig. 14; map unit Hgpp, plate 1). As the State Forest in 1936. In 1971, the Kettle 

ice wasted to the north across the local Moraine was included in the Ice Age 
drainage divide, the drainage basins that National Scientific Reserve to preserve its 

now drain westward into the Rock River glacial features. : 
and northward into the west branch of The Kettle Moraine forms a conspicu- 
the Milwaukee River were dammed by ous hummocky ridge or series of ridges 

stagnant ice. This created proglacial Lake that bisect Washington County from north 
Wayne, first named by Syverson (1988), to south (fig. 5; map-unit identifiers start- 

with beach deposits at an elevation of 323 ing with U, plate 1). The numerous hills in 
to 326 m and an outlet north of Cedar the Kettle Moraine rise up to 150 m above 

Lake into the Ashippun River drainage. the surrounding low, rolling till surfaces 

When Lake Wayne was at this level, sev- on either side. The entire Kettle Moraine 

eral drumlins rose as islands above the is a high area that extends approxi- 
lake surface. Wells in the area penetrate 
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Figure 14. Part of Campbellsport and Allenton Quadrangles, Wisconsin (U.S. Geological Sur- 

vey, 75-minute series, topographic, 1974 and 1971, respectively), showing extensive lake plain 

at Wayne Marsh, T12N, RISE. Standline was 317 to 326 m above sea level, so drumlins formed 

islands. 

mately 175 km from Walworth County to the glacier is controlled mainly by the 

Kewaunee County in eastern Wisconsin. slope of the ice surface (Shreve, 1985; 

The Kettle Moraine contains mainly Syverson and others, 1994). For these 

stratified sand and gravel deposited by reasons, a large river system developed 

meltwater streams flowing between the in the southwesterly sloping trough as the 

Green Bay and Lake Michigan Lobes. climate warmed, and the Kettle Moraine 

As shown in figure 2, ice from both lobes began to form. 

was flowing toward the interlobate region The rivers picked up sediment that 

(Chamberlin, 1883). Because glacial ice was accumulating on the ice surface 

always slopes downward in the direc- and transported the sediment in braided 

tion of ice flow, a low trough must have streams toward the southwest. This 

existed on the ice surface at the junction sediment, much of it coarse grained, was 

between the two lobes (fig. 9). In addition, deposited on, under, and adjacent to the 

the flow of meltwater within and beneath ice. The irregular topography of the Kettle 
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Moraine formed as the underlying ice Several of these conical hills are pres- 

melted and the sediment collapsed, and ent at Slinger and in the Holy Hill area 

water carried sediment through tunnels of southern Washington County (fig. 15). 

in the ice. Because most of the Kettle These hills are 10 to 50 m high and their 

Moraine contains sorted sand and gravel round contour lines on topographic maps 

(and little diamicton), the Kettle Moraine resemble bull’s-eyes (fig. 15). Large boul- 

is not typical of most moraines (Syverson, ders are common on the steep hillsides. 

1988). Similar interlobate moraines con- Many eskers are present in the Kettle 

taining abundant stream sediment have Moraine and all suggest that water was 

been described in Ireland by Warren and flowing toward the southwest (parallel 

Ashley (1994). Most of the diamicton in to the axis of the Kettle Moraine) when 

the Kettle Moraine underlies rolling sur- they formed. In fact, north of Kewaskum, 

faces at intermediate heights within the much of the hummocky sand and gravel in 

landscape. The diamicton may have been the Kettle Moraine probably was depos- 

deposited by mud flowing off the ice mar- ited in a subglacial or englacial (within the 

gins or as basal till of minor ice advances glacier) tunnel environment. The sediment 

over sediment deposited in the interlobate collapsed as underlying or adjacent ice 

zone. melted. Warren and Ashley (1994) sug- 

T.C. Chamberlin was one of the early gested that ridges formed by subglacial 

glacial geologists in North America. At a streams flowing parallel to the ice margins 

time when the idea of continental glacia- in an interlobate zone should not be called 

tion was still quite new, he published an eskers. However, in this discussion we call 

article (1878) on the origin of the outer- all ice-tunnel deposits eskers. 

most moraine of Wisconsin’s last glacia- Two Kettle Moraine eskers are espe- 

tion, which he called the Kettle Moraine. cially prominent. An esker south of Pike 

This name, derived from the abundance Lake (secs. 34 and 35, TION, R18E; secs. 

of kettles in the end moraine, gradually 3 and 10, TIN, RI8E) is up to 27 m high 

became restricted to the physiographic and can be traced as a discontinuous ridge 

region containing the interlobate ridge 11 km south to the Waukesha County line 

found in eastern Wisconsin. (Clayton, (fig. 16; map unit Ug, plate 1), where the 

in press, provided a detailed discus- subglacial stream emerged from its tunnel 

sion about how the Kettle Moraine was and deposited sand and gravel in an out- 

named.) The Kettle Moraine has attracted wash fan on stagnant ice (map unit Ugpp, 

the attention of many geologists since plate 1, secs. 9 and 10, TON, R1I8E). 

Chamberlin’s first article. Chamberlin Another esker, up to 23 m high and 

(1883), Alden (1918), Black (1969, 1970, 3 km long, is west of West Bend (fig. 17; 

1974), Stoelting (1970), Attig (1986), plate 1). A large gravel pit owned by West 

Syverson (1988), and Clayton (in press) Bend Sand and Stone is in this esker just 

have all described aspects of this feature. north of Highway 33. 

The Kettle Moraine contains impressive Thick deposits of silt are found high 

landforms resulting from the most recent in the Kettle Moraine landscape. They 

glaciation. are small, circular, and sometimes have 

Some of the unique landforms found raised rims surrounding a flat, silty plain 

in the Kettle Moraine are moulin kames (fig. 17, map unit Uipi, plate 1). These 

(indicated by a symbol on plate 1). are ice-walled-lake plains, remnants of 
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Figure 15. Part of Hartford East and Merton Quadrangles, Wisconsin (U.S. Geological Survey, 

75-minute series, topographic, 1976 and 1974, respectively), showing Holy Hill moulin kame com- 

plex. Notice the high relief moulin kames (K) and numerous kettles (TIN, RISE). 

lakes that were present at that location Because the disappearance of the stagnant 

while stagnant ice was sufficiently thick ice surrounding the lake created a low, 

and continuous to hold water in the basin. hummocky landscape, the ice-walled-lake 

Syverson (1988) reported silt interbed- plains now stand above the surrounding 

ded with fine-grained sand in several of topography. 

these features in Washington County. 
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Figure 16. Part of Hartford East Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute 

series, topographic, 1976), showing the steep western front of the Kettle Moraine (KM). Esker (E) 

crosses outwash plain (OW), T9 and ION, RIQE. 

The most prevalent landscape type Pitted outwash plains, flat to gently 

in the Kettle Moraine is hummocky sand rolling surfaces interrupted by numer- 

and gravel (map unit Ugh, plate 1). This ous kettles, also are common in the 

stream sediment was deposited on nearly Kettle Moraine (map unit Ugpp, plate 1). 

continuous masses of stagnant ice. As They were deposited in the narrow cor- 

the underlying ice melted, the sediment ridor between the Green Bay and Lake 

collapsed and completely destroyed the Michigan Lobes. Many meltwater streams 

original depositional surface. Many of the flowed through the interlobate trough 

highest parts of the Kettle Moraine are close to or over stagnant ice. This ice 

made up of sand and gravel hummocks. was buried by sand and gravel, which 
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Figure 17. Part of West Bend Quadrangle, Wisconsin (U.S. Geological Survey, 75-minute series, 

topographic, 1974), showing esker (E) and ice-walled-lake plain (L). 

later collapsed, but parts of the original the interlobate zone from the east and 
depositional surface were preserved. west, meltwater also moved toward the 
Relatively uncollapsed outwash surfaces interlobate zone. Apparently, water was 

are present in places on either side of the confined in the interlobate corridor to the 
Kettle Moraine, but they are uncommon south (Walworth and southern Waukesha 
in the Kettle Moraine itself, except for Counties) for a long time, but it did not 

farther south in Waukesha and Walworth flow over much stagnant ice. Instead, 

Counties (Clayton, in press). outwash with relatively few kettles filled 

Syverson (1988) suggested that much of the interlobate area. This outwash 

the changes in Kettle Moraine land- buried most of the eskers and other sub- 

forms from south to north are a func- glacial landforms deposited earlier. 
tion of where and how long meltwater During deglaciation of the northern 

flowed through the interlobate corridor. Kettle Moraine region (Fond du Lac, 

Because ice flow was converging toward Sheboygan, and northern Washington 
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Counties), meltwater also deposited County in the area mapped as diamicton 

stratified sand and gravel in the interlo- of the Waubeka Member. In many places, 

bate region. However, lower pathways diamicton of the Waubeka Member was 

for water flow quickly became available not deposited or was eroded so that New 

on either side of the Kettle Moraine, and Berlin till 1s at the surface. 

thick outwash did not accumulate in the Exposures in the drumlins are few, 

interlobate zone. Eskers deposited beneath but one excellent exposure in Newburg 

the ice were not obscured by outwash shows sand and gravel of the New Berlin 

deposited at the ice surface as the ice Member composing most of the core 

melted. The result: Eskers, moulin kames, of the drumlin (fig. 18). Some sand and 

and hummocks are more common features gravel in this drumlin has been cemented 

in the northern Kettle Moraine landscape by groundwater moving through the sedi- 

than they are farther south. ment and precipitating calcium carbonate. 

Gravel probably is common in the cores 

Landforms associated with New of many other drumlins as well because it 

Berlin Member is farther south in western Milwaukee and 

eastern Waukesha Counties. Many Lake 

When the margin of the glacier was Michigan Lobe drumlins have a thin layer 

retreating from the Kettle Moraine, of till over the gravel (for example, the 

diamicton was being deposited by west- drumlin at Newburg). Sand and gravel in 

erly lowing ee MH the area between the some drumlin cores is a potential aggre- 
Lake Michigan basin and the edge of the gate resource that could be tapped in 

present-day Kettle Moraine. The land- addition to the obvious gravel in outwash 
forms in this area are the same age as, and plains. 

quite similar to, landforms in the area cov- The glacier that deposited diamicton 

ered by the Horicon Member west of the of the New Berlin Member in southern 
Kettle Moraine. The New Berlin deposits Washington County also appears to have 

are covered by younger deposits in all overridden an extensive outwash plain. 
of Ozaukee County and much of eastern In several large gravel pits, sand and 

Washington County (figs. 3 and 5; map- gravel is exposed beneath diamicton of 
unit identifiers starting with W, O, and Z, the New Berlin Member. Drumlins were 

plates | and 2). cut into this surface, and intrusions of the 

Drumlins are Common features in this older diamicton of the Tiskilwa Member 

area (fig. 5). They are oriented east—west, extend upward into the sand and gravel as 
and in some places, somewhat east—south- they do in drumlins in Waukesha County, 

cast to west-northwest. Most of the drum- described by Whittecar (1976), Whittecar 

lins underlying younger deposits to the and Mickelson (1977, 1979), and Stanford 
east were probably formed by the New and Mickelson (1985). Syverson (1988) 
Berlin advance and simply overridden by described similar sediment-deformation 

younger Ice advances (map-unit identi- structures at the Jacklin Construction 

ers starting with W, 9, and Z,p lates Company pit in Hubertus. It 1s possible 

1 and 2). Drumlins containing sediment that these structures represent an early 
of the New Berlin Member are located stage in the formation of a drumlin. 

in the northeastern part of Washington 

County and northwestern part of Ozaukee 
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Figure 18. Photograph of cemented (far lefi) and uncemented New Berlin gravel in drumlin core 

beneath till of the Waubeka Member near Newburg, Washington County, NW1/4 SW1/4 SE1/4 sec. 

12, T1IN, R20E. 

Flowing water played an important age was blocked between the retreat- 

role in landscape development as the gla- ing ice edge and the Kettle Moraine 

cier margin retreated. Hummocky, pitted, to the west. A large lake, glacial Lake 

and unpitted meltwater-stream sediment is Farmington, formed as soon as ice pulled 

widespread between Germantown and the away from the Kettle Moraine west of 

Kettle Moraine (map units Ngp, Ngpp, Jackson. As ice continued to retreat, 

and Ngh, plate 1). Two large channels, glacial Lake Farmington expanded, prob- 

the Friess channel (fig. 19) and the Bark ably eastward to the vicinity of Newburg 

channel (fig. 20), carried water toward the and northward into Sheboygan County. 

southwest across the diamicton and gravel Because nearly all of this area was 

surfaces of southern Washington County. covered by a later phase of glacial Lake 

Syverson (1988) and Syverson and Farmington and by ice of the Waubeka 

Mickelson (1989) considered several pos- advance, no details of the extent and 

sibilities for the formation of these large history of this early lake are known. It 

channels. The channels may have formed appears that the Bark channel is too high 

initially as proglacial channels during ice in elevation to have been cut by meltwa- 

advance, but it is also possible that ter from this or later advances unless the 

they formed subglacially as tunnel chan- Menomonee River was blocked, which 

nels. Clearly, ice was still buried beneath seems unlikely. 

parts of the channels when they were last 

occupied by water because hummocky Landforms associated with 

sand and gravel lies in the bottoms of both Waubeka Member 

channels. . . 
The Friess channel may have formed After the ice margin retreated along and 

as the outlet of one of the phases of glacial away from the Kettle Moraine in northern 

Lake Farmington. As ice retreated, drain- Washington County, the Washington— 
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Figure 19. Part of Merton Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute series, 

topographic, 1994), showing the Friess channel with ice-contact face (IC), ice-contact fan (F), 

ice-walled stream deposit (S), esker (E), and kame terrace (KT), TON, R18 and 19E. 

Ozaukee area was probably ice-free for This is particularly true of the Milwaukee 

only a short time. An ice advance from River drainage, which was dammed a few 

the northeast into the two-county area kilometers east of West Bend along the 

deposited diamicton of the Waubeka Waubeka ice margin. 

Member. Because the regional slope of the Diamicton of the Waubeka Member is 

land surface is eastward from the Kettle fairly thin, and apparently this advance did 

Moraine to Lake Michigan, ice advancing little to modify the drumlin terrain pro- 

up this slope tended to dam lakes in front duced by the earlier New Berlin advance. 

of the ice margin, resulting in deposits of A small end moraine parallel to and just 

sand and gravel and finer lake sediment. north of Highway 41 marks the maximum 
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southwestern position of this ice advance extended from the vicinity of Jackson 

in Ozaukee and Washington Counties (fig. northward into Sheboygan County as 

21; plate 1). The moraine is narrow (only ice advanced and water was dammed 

200 or 300 m wide), fairly low (10 m between the Kettle Moraine and the ice. 

high), and composed of Waubeka diamic- Lake deposits (map units Wip and Wih, 

ton, where sampled. Meltwater from this plate 1) indicate that the lake abutted 

ice margin flowed southeastward, paral- an ice margin that did not build an end 

lel to the ice margin and then southward moraine. Numerous eskers are present 

through the Menomonee River drainage east of this margin position in the area 

(fig. 21). southwest of Newburg (fig. 22). Lake 

Farther north, the ice margin termi- sediment is present as high as 330 m 

nated in an extensive lake, the last phase above sea level. The highest lake outlet 

of glacial Lake Farmington. This lake was along a series of what are now out- 
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Figure 20. Part of Merton and Sussex Quadrangles, Wisconsin (U.S. Geological Survey, 7.5-minute series, 

topographic, 1994), showing the Bark channel system (T9N, R19E), point bar (PB), and ice-contact face (IC). 

Depth to bedrock (x) shown in feet. 
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Figure 21. Part of Jackson Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute series, topographic, 

1994), showing the moraine built during the Waubeka advance, TION, R19E. 

wash terraces about 4 km west of Jackson remained in the basin east and northeast of 

(map unit Wsp, plate 1) and, as suggested West Bend until the ice had retreated east 

earlier, this water may have flowed down of Waubeka, where ice-marginal drainage 

the Friess channel. Evidence for cata- to the south allowed the lake to empty. 

strophic drainage of any phase of glacial Part of this area is now covered by depos- 

Lake Farmington is lacking. Most deposits its of younger advances, and much of the 

associated with this outlet are collapsed, lake sediment is collapsed, destroying evi- 

suggesting that New Berlin ice had not dence for this lake outlet. 

melted completely before the Waubeka 

advance. A fairly extensive lake must have 
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Figure 22. Part of Newburg Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute series, 

topographic, 1994), showing eskers (arrows) and disintegration ridges near western extent of the 

Waubeka advance, T11N, R20E. 

Landforms associated with Oak farther out of the basin in Racine and 
Creek Formation Kenosha Counties than it did in Ozaukee 

se . . County. 

The rake eae Actin rain ie The advance to the Oak Creek mar- 

mucton ° eal Cree onnanon Ur gin (plates | and 2) produced a small 
ing a series of advances that terminated end-moraine ridge from Germantown 

near the south end of present-day Lake Boi 8 
. northward to the vicinity of Cedarburg 

Michigan. It appears that during some . 
eth 4 hie Slack ded Bog. Subsequent advances built small 

ofthose;advances, the.glacier expands southwest-northeast trending moraines 
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from there eastward to the Milwaukee Milwaukee River). When ice advanced 

River. The landscape in this area is com- to deposit diamicton of the Ozaukee 

plex because northeast—southwest trend- Member, Lake Michigan was at a higher 

ing bedrock ridges also are present. Many level than present. In northeastern 

of these higher ridges were accented by Ozaukee County, several levels in the 

marginal drainage along the ice front of landscape indicate the existence of flat or 

the Lake Michigan Lobe as it retreated gently rolling lake terrace surfaces (fig. 

into Lake Michigan and readvanced 23), some of which were overrun by the 

in Ozaukee County several times. End Ozaukee advance. These terraces were 

moraines are several hundred meters wide formed by wave action at times when 

and up to 30 m high. Only continuous the lake was higher than it is now. High 

ridges of hummocky topography were terraces cut before the Ozaukee advance 

mapped as end moraines on plate 1 (map are now covered with diamicton of the 

unit Othe), even though patches of hum- Ozaukee Member. Younger terraces were 

mocky till (map unit Oth) are on some of cut into the diamicton and are covered by 

the uplands. It seems likely that many of sand deposits. 

these patches are not moraines, but were 

isolated by ice-marginal drainage. LATE PLEISTOCENE AND 

It appears that no drumlins or other HOLOCENE HISTORY 

glacial landforms, with the exception of 

moraines, formed during the Oak Creek Each glacial advance mn east- 

advances. Some terraces along the out- a Wisconsin left its Own Ung ue 
wash valleys formed as water flowed footprint —a characteristic set of 

southward, parallel to the ice margin, as deposits that can be correlated from 

the ice retreated in central and eastern one P lace to another. This allows us 
Ozaukee County. to piece together the glacial history of 

the region. No radiocarbon dates exist 

Landforms associated with for early advances into Washington or 

Ozaukee County, and very few dates 
Ozaukee Member 

exist for the younger events. Ages for 

The most recent ice advance into Ozaukee events described in this report are those 

County produced massive end moraines of Clayton and Moran (1982), Mickelson 

that run more or less north-south from the and others (1983), and Hansel and oth- 

Sheboygan County line to the Milwaukee ers (1985). A series of diagrammatic 

County line (map unit Zthe, plate 1) sketches in figure 24 shows major events 

(Acomb, 1978; Acomb and others, 1982). in Ozaukee and Washington Counties 

The moraines produced by this advance during deglaciation. 

have a north-south orientation and are 

characterized by low-relief hummocky Early advances of ice 

t hy. . ; ; 
oposrapny: , . The earliest glacial event recognized 

Ice-marginal drainage flowing from , 
. in the area is the advance of the Lake 

north to south along several former ice- Lae i, 
. Le . Michigan Lobe that deposited diamicton 

margin positions is marked by sand and — 
of the Tiskilwa Member of the Zenda 

gravel outwash or lake deposits between ; 
i. . Formation. This advance reached at least 

diamicton ridges (for example, Sauk 
Creek, Sucker Creek, and part of the as far west as Allenton and Hubertus in 

Washington County. Diamicton of this 
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Figure 23. Part of Cedar Grove Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute 

series, topographic, 1974), showing wave-cut terraces on Lake Michigan shoreline (T12N, R23E). 

M is moraine crest, P is likely a palimpsest (till-covered) wave-cut terrace, G is Glenwood shore 

terrace and N is Nipissing shore terrace. 

unit has been encountered in only three range from 25,000 to 20,000 years BP 

excavations in the two-county area, so (Johnson, 1986), and there is no reason 

little can be said about its extent in the to think that the advance into Wisconsin 

subsurface. There are no radiocarbon was at a significantly different time. The 

dates anywhere in Wisconsin associated Green Bay Lobe must have advanced at 

with this glacial advance. Dates from what about the same time. This advance may 

is presumably the same unit in Illinois have deposited a silty gray diamicton 
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(informally named the Kekoskee Member layer extends from at least the vicinity 

by Battista, 1990, p. 65) below diamicton of Hubertus in Washington County to 

of the Horicon Member in eastern Dodge south of the Wisconsin—Illinois border. 

County. This unit probably exists in the It may represent a long period with a 

subsurface of western Washington County, | stable ice-margin position across north- 

but we did not find evidence of it during ern Washington and Ozaukee Counties, 

this study. into the Lake Michigan basin, and across 

The extent of glacier retreat after the basin to the state of Michigan. This 

deposition of the Tiskilwa diamicton is gravel may have been deposited by out- 

unknown. Throughout most of the part of wash streams for several thousand years 

southeastern Wisconsin that was covered before ice readvanced westward to its 

by the Lake Michigan Lobe, an extensive, maximum position at the Kettle Moraine 

thick, sandy gravel layer is present above and southward into Illinois. This gravel 

the Tiskilwa diamicton and below diamic- was a source for sand and gravel particles 

ton of the younger New Berlin Member that were incorporated into the ice and 

(plate 2). This nearly continuous gravel deposited as diamicton of the New Berlin 

Member. 
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Maps showing deglaciation history of Washington and Ozaukee Counties. In the following set of 

figures, arrows without shaft indicate meltwater-flow direction; arrows with shaft indicate ice-flow 

direction; hachures indicate ice-margin position. 

Figure 24A. The retreating ice margin enters Washington County about 15,000 BP. Ice thins 

throughout the area, and meltwater is concentrated in the interlobate trough. Sand and gravel 

is deposited on and adjacent to stagnant ice (later to become Kettle Moraine ridge). Subgla- 

cial streams (E) flow in northern Washington County; most drumlins and large moulin kames 

(region K) near Holy Hill have already formed. 
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Figure 24B. Probably within a few hundred years, the ice margin stabilizes south of present- 

day Pike Lake. Meltwater deposits outwash (OW) in southwestern Washington County and in 

the interlobate corridor. Subaerial streams use Friess channel. Eskers (E) form in northern 

Washington County. 
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The glacial maximum The ice continued to waste away until 

Probably at about 18,500 BP the Green the margin of the Green Bay Lobe sepa- 
Bay and Lake Michigan Lobes advanced rated from the interlobate region south of 

depositing diamicton of the Horicon present-day Pike Lake (fig. 24B). Outwash 

and New Berlin Members. Correlations plains in the Kettle Moraine between West 

suggest that ice reached its maximum Bend and Pike Lake formed at that time. 

thickness about 16,000 years ago and Meltwater flowed in subglacial tunnels in 

that the two-county area was completely the Kewaskum area. Simultaneously, water 

covered by ice for 2,000 or 3,000 years. from the Green Bay Lobe deposited exten- 

During this time the Green Bay and Lake sive outwash in southwestern Washington 

Michigan Lobes reached their maximum County. Meltwater also began to flow 
extents in southern Wisconsin. and the through the ice-filled Friess channel as the 

area of the present-day Kettle Moraine Lake vee Lobe wasted ee 

was a low trough on the ice surface. Both Much 0 de sediment in the Kettle 

lobes then retreated more or less synchro- Moraine was deposited on stagnant ice 
nously until the ice margin had retreated that could have remained for thousands of 

northward into southern Washington years after the active glaciers had retreated 

County. Sand and gravel was deposited by from vasnineton County. ce what 

meltwater streams flowing away from the are NOW od areas I the _ e vane 

glacier lobes during this retreat. The tem- ms created a ae to meltwater How 

perature was very cold at that time and the throughout the Kettle Moraine. For this 
reason, meltwater was channeled into the ground remained frozen constantly, a con- ° hic | ther side of th 

dition called permafrost. Ice-wedge poly- topographic lows on either side of the 
high, ice-cored Kettle Moraine as the inter- 

gons are permafrost features that formed 
on Horicon and New Berlin Member lobate corridor opened northward. 

deposits. Syverson (1988) described these . 

features in the Kettle Moraine of southern Rivers and lakes along the 

Washington County; locations of ice- ice Margin 

wedge polygons are shown on plate 1. Following formation of the outwash plain 

in southwestern Washington County, the 
Retreat from the interlobate zone Green Bay Lobe wasted back from the 

Figure 24A represents a time when the margin south of Pike Lake and an ice-mar- 

margins of the Green Bay and Lake ginal stream eroded a valley occupied by 

Michigan Lobes were retreating in south- the Ashippun River (fig. 24C). Meltwater 

ern Washington County. Meltwater flowed from the Green Bay Lobe flowed south- 

away from the ice margins and then westward, adjacent to the Kettle Moraine, 

southwest down the axis of the interlobate and formed a younger, lower outwash 

zone. Presumably, by this time the large plain. The meltwater-stream sediment bur- 

moulin kames or sinkhole kames in the ied blocks of stagnant ice adjacent to the 

Kettle Moraine had formed. Tunnels along Kettle Moraine in the present-day Cedar 

the interlobate axis where eskers would Lake and Pike Lake areas. The Green Bay 

later be deposited may have been forming Lobe tunnel channels were carved at the 

at that time as well. We estimate that this same time. Ice blocking the Milwaukee 

was taking place about 15,000 years ago. River drainage system forced water to 
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flow south along the east side of the Kettle shoreline of Ozaukee County south of Port 

Moraine. This meltwater deposited sedi- Washington (plate 2) and in Milwaukee 

ment that buried large blocks of ice abut- County, the New Berlin diamicton can be 

ting the Kettle Moraine to the east. distinguished from the overlying Waubeka 

Eventually, the interlobate corridor diamicton (stratigraphic sections, plate 

extended northward into Sheboygan 1). Therefore, we conclude that the ice 

County (fig. 24D). Proglacial Lake Wayne retreated at least into the lake basin before 

was dammed against the ice as the Green it readvanced to deposit sediment of the 

Bay Lobe wasted northward beyond the Waubeka Member. It seems unlikely that 

Milwaukee River drainage divide and a great distance of retreat and readvance 

stagnant ice blocked the east branch of took place because the Waubeka diamic- 

the Rock River (Syverson, 1988). Water ton is similar to the New Berlin diamicton, 

discharged south into the Ashippun River except that silt and clay, presumably from 

system via an outlet north of Cedar Lake lake sediment, were incorporated into the 

in sec. 8, TIIN, RIQE, at an elevation of sandy, gravelly diamicton and outwash 

323 to 326 m. of the New Berlin Member to produce 

Meltwater from the Lake Michigan diamicton of the Waubeka Member. 

Lobe and buried, melting ice in the Kettle Ice of the Lake Michigan Lobe flowed 

Moraine was ponded east of West Bend from the northeast toward the southwest 

several times. The present-day Milwaukee when it readvanced to deposit diamicton 

River flows to the east, and this drain- of the Waubeka Member, probably at 

age was dammed whenever ice occupied about 14,000 to 14,500 BP, rather than 

eastern Washington County (fig. 24D). As directly from the east as it did when drum- 

the New Berlin ice margin retreated, an lins were formed in eastern Washington 

early phase of glacial Lake Farmington and western Ozaukee Counties (fig. 24F). 

developed east of West Bend and drained Ice from this advance did little to obscure 

toward the southwest on surfaces that are the orientation of the older drumlins, but a 

now gravel terraces. When the ice margin discontinuous blanket of diamicton up to a 

reached the Germantown area, the lake few meters thick was deposited over much 

level must have dropped as water used the of the landscape. The ice margin advanced 

lower Menomonee River outlet. The lake to a position just north of Germantown 

drained completely when retreating ice (fig. 24E; plate 1) and the ice margin 

no longer blocked Cedar Creek and the extended to the southeast at least to south- 

Milwaukee River. Details about this early ern Milwaukee County. The extent of this 

phase of Lake Farmington are unclear diamicton farther to the east under Lake 

because they were masked by later events. Michigan is not known. 

The western limit of the Waubeka 

Ice advance from the northeast advance terminated in a later phase 

The extent of Lake Michigan Lobe of Lake Farmington, which had been 

retreat after deposition of sediment of dammed by the ice. This large lake 

the New Berlin and Horicon Members extended northward into Sheb Oyean 
County. It drained along the ice margin 

is not known. It appears that the Green , 

Bay Lobe did not readvance again into between Slinger and Jackson, and then 

Washington County. However, along the probably into the Priess channel. The mar 
gin of the glacier was, at least for a time, 

a steep calving margin with many esker 
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tunnels entering the lake at the base of the Washington Counties may have been the 

glacier. Many of these small eskers are Tinley or younger Lake Border advance. 

present southwest of Newburg (fig. 24E). Material of the older Valparaiso advance, 

The margin of the ice then retreated far which was most extensive farther south in 

into the Lake Michigan basin. Racine and Kenosha Counties (Schneider, 

It is not clear whether the ice margin 1983), appears to be covered by younger 

continued to retreat out of the northern deposits in Milwaukee County and farther 

part of the Lake Michigan basin, but in north. 

all likelihood it did not. At that time, The advances associated with the Oak 

the level of Lake Michigan was about Creek diamicton were rapid, and it is pos- 

20 m higher than it is today because the sible that a surging glacier deposited these 

present-day outlet at the north end of Lake units. Only 1,000 years, or perhaps less, 

Michigan was blocked by ice and the lake are available for at least four advances 

drained through an outlet near what is and retreats (Simpkins 1989; Brown, 

now Chicago (Hansel and others, 1985; 1990). By about 13,000 BP, the glacier 

Hansel and Mickelson, 1988). The lake had retreated north of the Lake Michigan 

level would have dropped well below its basin, and a low outlet through the Straits 

present-day level if ice had retreated out of Mackinac allowed drainage to the 

of the Lake Michigan basin. Stream chan- east. At that time, lake level dropped 

nels would then have been cut through well below the present level. Tundra still 

diamicton of the New Berlin and Waubeka covered much of the landscape, and ice 

Members exposed at the shoreline before evidently remained in the eastern part 

deposition of the younger Oak Creek of the Lake Superior basin. At that time, 

diamicton. There is no evidence that this water carrying red silt and clay from Lake 

downcutting occurred along the shoreline Superior flowed into the Lake Michigan 

of Ozaukee or Milwaukee Counties. basin. 

The subsequent readvance of the 

Rapid readvances of ice glacier incorporated this reddish-brown, 

A series of advances and retreats of the fine-grained sediment and deposited 
Lae diamicton of the Ozaukee Member along 

Lake Michigan Lobe took place shortly 4: . 
the Lake Michigan shoreline of Ozaukee 

thereafter (probably between 14,000 ; 
County (fig. 24G; plate 1). This advance 

and 13,300 years ago) (fig. 24F; plate 
occurred about 13,000 BP and was con- 

1). These rapid advances deposited the . Lae . 
i, fined mainly to the Lake Michigan basin, 

Oak Creek diamicton units in the south- ; ; 
; coming only a few kilometers onto land. 

eastern corner of Washington County 
At that time, much of the north-south seg- 

and southern Ozaukee County, as well . . 
or . ment of the Milwaukee River valley was 

as in Milwaukee, Racine, and Kenosha deeply incised by a laree ice-marcinal 

Counties to the south (Schneider, 1983). eeply y e e 
. river that flowed along the western edge 

Cedar Creek was dammed by the ice, and . , 
, - of the glacier. Diamicton of the Ozaukee 

glacial Lake Jackson formed in the vicin- 
; advance extends southward along the 
ity of present-day Jackson. Glacial Lake a 

Lake Michigan shoreline as far south as 
Jackson had lower outlets than the older _ 

, , ; St. Francis in Milwaukee County. From 
glacial Lake Farmington, so it was less . ; 

there the ice margin crossed the lake to the 
extensive than Lake Farmington. Lye 

; state of Michigan. 
It appears that the most extensive 

Oak Creek advance into Ozaukee and 
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Figure 25. Time-distance diagram illustrating relationships of lake phases and glacial advances 

(modified from Hansel and Mickelson, 1988). 

The final retreat out of the Lake Michigan basin for the 

A glacier never again entered Washington last time. The lake level dropped dramatr- 
; . cally (probably almost 100 m) when this 

or Ozaukee Counties after the ice margin 
. Le , occurred, and a large expanse of lake bot- 

retreated following deposition of sedi- ; 
tom was exposed to erosion (fig. 25). The 

ment of the Ozaukee Member. Several Lae 
northern outlet of Lake Michigan then 

later advances, however, deposited . 
; i, rebounded slowly during the Holocene 

reddish-brown diamicton in Sheboygan, 
, Epoch (10,000 BP to present, fig. 1) as 

Manitowoc, and other counties to the , 
the weight of the glacier was removed. 

north (Acomb and others, 1982). It was , 
. The rise in the outlet elevation caused a 

not until about 11,000 BP that ice melted i ; 
rise in lake level, and it appears that the 
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lake returned to more or less its present reddish-brown silty diamicton extends at 

level by about 5,000 years ago (Hansel least as far west as Allenton and Hubertus, 

and Mickelson, 1988). It then continued and may be correlative with a gray silty 

to rise above its present level and cut low diamicton found in Dodge County that 

terraces with an elevation of about 184 m was deposited by the Green Bay Lobe. 

along much of the Lake Michigan shore- The major glacial event to affect the 

line during the Nipissing phase (fig. 25). counties was the advance of the Green 

These wave-eroded terraces have a thin Bay and the Lake Michigan Lobes about 

cover of sand over the diamicton or what- 18,500 years ago. At that time, thick ice 

ever sediment happened to be at an eleva- covered all of Washington and Ozaukee 

tion of 184 m, where the erosion took Counties, and the sandy diamicton of the 

place. Lake level has slowly dropped from Horicon and New Berlin Members was 

the 184-m level to the present level of 177 deposited in drumlins and rolling land 

m since that time. surfaces. Meltwater gathering in the inter- 

One of the most active postglacial lobate trough deposited large amounts of 

geologic processes in the area 1s shoreline sand and gravel in contact with stagnant 

erosion. Presumably, erosion took place ice. The stagnant ice later melted to pro- 

during the entire time that water levels duce the hummocky Kettle Moraine. In 

were rising and falling while the lake was addition, streams flowing in subglacial 

above its present level. For thousands tunnels deposited sand and gravel now 

of years lakeshore erosion has contin- found in eskers. These eskers form much 

ued, and many of the terraces that were of the Kettle Moraine topography north of 

formed during the higher lake levels of the Kewaskum. 

Nipissing and older lake phases have been Subsequent readvances of the Green 

removed. Remnants of these terraces, Bay Lobe did not reach Washington 

however, are preserved along much of the County. However, the Lake Michigan 

Ozaukee County shoreline north of Port Lobe readvanced toward the southwest out 

Washington (fig. 23; plate 1). This natural of the lake basin and deposited diamic- 

process of shoreline erosion will continue ton and sand and gravel of the Waubeka 

in the future as lake-level fluctuations pro- Member. This advance did little to modify 

duced by changes in precipitation erode the underlying landscape; however, a 

the base of bluffs by wave action. small end moraine, numerous eskers, and 

extensive lake sediment were deposited. 

SUMMARY A series of later advances deposited 

Glaciers advanced into Ozaukee and the gray clayey diamicton of the Oak 
. Creek Formation between about 14,500 

Washington Counties numerous times . 
“a: . and 13,000 years ago. The final ice 

during the last 1.6 million years. Only evi- . , 
. advance into Ozaukee County deposited 

dence of the most recent advances remains ae 
; diamicton of the Ozaukee Member in east- 

because deposits of many of the earlier .; . 
; ern Ozaukee County. This reddish-brown 

advances have been eroded. The earliest or 
,; clayey diamicton covers the land surface 

recorded advance into the two-county area . , ; ; 
4: in a strip several kilometers wide adjacent 

was that of the Lake Michigan Lobe when , 7 
. ; i, ee to the shoreline, and it is the uppermost 
it deposited diamicton of the Tiskilwa ; 4: 

. material along most of the Lake Michigan 
Member as early as 20,000 years ago. This bluff 
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APPENDIX: FORMAL caused by pushing of ice or intrusion of a 

DEFINITION OF NEW diapir from below. 
LITHOSTRATIGRAPHIC UNITS Most clasts in the sediment are dolo- 

mite, although numerous Precambrian 

granite, gabbro, and gneiss boulders 

Holy Hill Formation are present. Precambrian boulders are 
Kent M. Syverson and David M. abundant near the crest of the hill. Large 

Mickelson Precambrian rocks of this type are far- 

traveled (greater than 300 km) and gener- 

Source of name. Large hill with a church | ally associated with supraglacial sediment 
at the crest of the Kettle Moraine in south- in southeastern Wisconsin. Clasts range 
ern Washington County, Wisconsin, sec. from well rounded to angular, and striated 

14, TON, RISE. clasts are especially abundant in diamic- 

ton beds. 

Location of type section. Exposures 
in pit at Slinger Speedway, Slinger, Location of reference sections. The type 

Wisconsin. Located north of Highway sections for members of this formation 

AA, approximately 2 km north-northeast serve as reference sections for this unit. 

of the junction of Highways 60 and 144 

in the SE1/4 SW1/4 SW1/4 sec.8, TION, | Description of unit. The Holy Hill 
R19E, Washington County; Hartford East Formation includes till and associated 

Quadrangle, Wisconsin (U.S. Geological lake and stream sediment. The till is 

Survey, 7.5-minute series, topographic, generally yellowish brown to brown 

1971; fig. Al). Fresh exposures are (lOYR-7.5YR), or less commonly, red- 

located in fenced area east of the raceway. dish brown (SYR), sandy, and contains 
abundant carbonate where unleached. 

Description of type section. The gravel Sand content varies considerably and 
pit is located in a high relief, hummocky generally ranges from 50 to 80 percent. 

area within the Kettle Moraine. The north- Till is finer grained (21-42% sand) 

facing exposure contains brown sandy silt, | Where it overlies shale of the Maquoketa 
sand, and sandy gravel. Bedding is over- Formation in the Green Bay lowland 
turned in places. The 15-m high south- (Battista, 1990). Gravel up to 12 m thick 
facing exposure contains steeply dipping forms the basal unit of the Holy Hill 
sediment, first described by Syverson Formation east of the Kettle Moraine from 

(1988). Light yellowish-brown gravelly southern Sheboygan County to Walworth 
diamicton is interbedded with poorly County. Details about pebble lithology, 
to moderately well sorted gravel, sandy clay mineralogy, and grain size are pre- 

gravel, and gravelly sand. Sandy and grav- sented in the member descriptions. 

elly beds weather faster than the cohesive 
diamicton beds, causing a ribbed or pil- Nature of contacts. This formation is 

lared appearance in the outcrop. Most the surficial unit in much of south-central 

beds dip to the east at a 65° angle, but in and southeastern Wisconsin, including the 

the western part of the outcrop, beds of Kettle Moraine region. West of the Kettle 

diamicton and sandy gravel are nearly ver- | Moraine, the formation lies directly on 
tical and overturned. This may have been bedrock, on pink diamicton of unknown 
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Figure Al. Part of the Hartford East Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute 

series, topographic, 1971), showing location of type section for Holy Hill Formation. 

origin, or on sand and gravel with a overlain by diamicton of the Oak Creek 

sharp contact. In northeastern and eastern Formation. These contacts are generally 

Wisconsin, Holy Hill till is overlain by sharp, although silt and sand beds between 

reddish-brown, finer-grained till of the these units remain undifferentiated. 

Kewaunee Formation. East of the Kettle 

Moraine and south of Port Washington, Differentiation from other units. Till of 

the till is underlain by till of the Tiskilwa the Holy Hill Formation is distinguished 

Member of the Zenda Formation and in the field easily by its yellowish-brown 
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to brown color, abundant pebbles, sandy able to limit the time of deposition of this 

texture, and abundant carbonate. The till formation. The formation correlates with 

is generally stonier, less silty, and lighter at least part of the Haeger Till Member 

in color than the older Tiskilwa Member of the Wedron Formation of northeastern 

of the Zenda Formation. The till 1s much Illinois (Willman and Frye, 1970). 

stonier and less clayey than the younger 

diamicton of the Oak Creek Formation. Previous use of name. This report uses 

The younger Kewaunee Formation to the this name for the first time. Previously 

north is much redder (2.5YR or SYR) and named units have been incorporated into 

finer grained than the Holy Hill till. the Holy Hill Formation. The Horicon 

and New Berlin Members (previously 

Regional extent and thickness. The defined as the Horicon and New Berlin 

Holy Hill Formation 1s the surficial unit Formations in Mickelson and others, 

throughout much of south-central and 1984), the Mapleview and Liberty Grove 

southeastern Wisconsin. It can be traced Members (defined in Mickelson and oth- 

in the subsurface to the Lake Michigan ers, 1984), the Keene Member (defined in 

shoreline in Ozaukee and Milwaukee Attig and others, 1988), and the Waubeka 

Counties. The Holy Hill Formation is at Member (defined in this report) are all 

least 100 m thick in parts of the Kettle now considered members of the Holy Hill 

Moraine. West of the Kettle Moraine, the Formation (fig. A2). 

formation ranges from less than | m thick 

along the Niagaran Escarpment to greater References 

than 100 " thick in buried valleys. The Attig, J.W., Clayton, Lee, and Mickelson, 

formation is generally at least 22 m thick D.M., 1988, Pleistocene stratigraphic units 

east of the Kettle Moraine. of Wisconsin 1984-87: Wisconsin Geologi- 

cal and Natural History Survey Information 
Origin. The Holy Hill Formation was Circular 62, 61 p. 

deposited by ice and meltwater associated Battista, J.R., 1990, Quaternary geology of the 
with the Green Bay and Lake Michigan Horicon Marsh area: M.S. thesis, Univer- 

Lobes. Till of the Horicon, Keene, sity of Wisconsin—Madison, 132 p. 
Mapleview, and Liberty Grove Members Mickelson, D.M., Clayton, Lee, Baker, R.W., 

was deposited by the Green Bay Lobe (fig. Mode, WN., and Schneider, AE, 1984, 

A2). Till of the New Berlin and Waubeka Pleistocene strahigrap hic units of Wiscon- 
sin: Wisconsin Geological and Natural 

Members was deposited by the Lake History Survey Miscellaneous Paper 84-1, 
Michigan Lobe. Stratified gravel and sand 97 p. 

of the Holy Hill Formation found in the Syverson, K.M., 1988, The glacial geology 

Kettle Moraine region was deposited in of the Kettle Interlobate Moraine region, 
the interlobate corridor, predominantly Washington County, Wisconsin: M.S. the- 
by meltwater flowing in subaerial streams sis, University of Wisconsin—Madison, 123 

and subglacial tunnels. Pp. 
Weidman, S., 1907, The geology of north-cen- 

Age and correlation. The Holy Hill tral Wisconsin: Wisconsin Geological and 

Formation was deposited during the late Natural History Survey Bulletin 16, 697 P- 
Willman, H.B., and Frye, J.C., 1970, Pleisto- 

Wisconsin, approximately 18,000 to cene stratigraphy of Illinois: Illinois State 
13,000 BP. No radiocarbon ages are avail- Geological Survey Bulletin 94, 204 p. 
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Figure A2. Pleistocene lithostratigraphic units map of Wisconsin (modified from Clayton and oth- 

ers, 1992). The Holy Hill Formation and Waubeka Member of the Holy Hill Formation are shown. 

The Liberty Grove (not shown), Mapleview, and Keene Members of the Holy Hill Formation 

formerly were members of the Horicon Formation. The Horicon and New Berlin Members of the 

Holy Hill Formation formerly were separate formations. The Trade River Formation in western 

Wisconsin has been named by Johnson (in press). 
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Waubeka Member of the Holy Hill Quadrangle, Wisconsin (U.S. Geological 
Formation Survey, 7.5-minute series, topographic, 

1971; fig. A3). 
David M. Mickelson and Kent M. 8-3) 

crnenen Description of type section. The gravel 

it is located in a drumlin that trend: 
Source of name. Waubeka, Wisconsin, in PIE IS Tocate ma rum m ar trends 
Ozaukee C east-west. This drumlin is smaller than 

zaukee County. an adjacent drumlin to the south, but 

. : . shows roughly the same orientation. The 
Location of type section. Exposure in 5-m high exposure on the south side of 

Eraved pital southeast edge oLNewburg, the pit contains | to 2 m of till of the 
300 m east of the intersection of . Waubeka Member overlying stratified 
Wisconsin Highway 33 and Highway I in a and L Th ‘d and Li 

he NW1/4 SW1/4 SE1/4 sec. 12, TIIN Te ie cation oc dole cle | 
ROO: Washi Cc : N b , cemented at the western end of the pit, but 

» Washington County, Newourg it is typically not cemented at the eastern 
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Figure A3. Part of Newburg Quadrangle, Wisconsin (U.S. Geological Survey, 7.5-minute series, 

topographic, 1971), showing location of type section for Waubeka Member of Holy Hill Formation. 
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Figure A4. A. Part of South Milwaukee Quadrangle, Wisconsin (U.S. Geological Survey, 7.5- min- 

ute series, topographic, 1971), showing location of one reference section for Waubeka Member of 

Holy Hill Formation. 

end. The drumlin orientation at this site on the South Milwaukee Quadrangle, 

does not agree with the ice-flow direction Wisconsin (U.S. Geological Survey, 

suggested by the outermost edge of the 7.5-minute series, topographic, 1971; fig 

Waubeka Member. We suggest that the till A4A). It lies above till of the New Berlin 

at the type section lies on an unconformity Member and below sand and gravel that 

developed on gravel of the New Berlin is undifferentiated. Another section is a 

Member. roadcut located at the intersection of St. 

Finbars Road and Shady Lane Road, about 

Location of reference sections. One 4 km east of the type section in NW1/4 

reference section is located along the SW1/4 SW1/4 sec. 9, TIIN, R21E, 

Lake Michigan shoreline in the city of St. shown on the Port Washington West and 

Francis in NE1/4 NE1/4 NE1/4 sec. 23, Newburg Quadrangles, Wisconsin (U.S. 

TON, R22E, Milwaukee County, shown Geological Survey, 7.5-minute series, 
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Figure A4. B. Part of Port Washington West and Newburg Quadrangles, Wisconsin (U.S. Geologi- 

cal Survey, 7.5-minute series, topographic, 1976), showing location of another reference section. 

topographic, 1976; fig. A4B). Diamicton Nature of contacts. In eastern 

is about 5 m thick, overlying compact silt. Washington County, till of the Waubeka 

Member overlies sand and gravel in 

Description of unit. The Waubeka places. The contact often shows till 

Member includes till and associated lake mixing with the underlying sand and 

and stream sediment. The till is gener- gravel, which has not been assigned to a 

ally yellowish brown to brown (10YR to lithostratigraphic unit. One drillhole in 

7.5 YR) and is grayer where unoxidized. southern Ozaukee County (OZ-539) pen- 

Texture of the till of this member is inter- etrated thick Oak Creek till over till of the 

mediate in composition between that Waubeka Member with an abrupt contact. 

of the underlying New Berlin Member, 

and the overlying till of the Oak Creek Differentiation from other units. Till 

Formation. The till averages 35 percent of the Waubeka Member is distinguished 

sand, 51 percent silt, and 14 percent clay in the field from till of the overlying Oak 

where it was sampled in Ozaukee and Creek Formation by its greater sand con- 

Washington Counties. The unit is calcare- tent and correspondingly lower silt and 

ous and rich in dolomite clasts. clay content. It is clearly distinguished 

from till of the Kewaunee Formation by 
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its gray to brown color. Waubeka Member minor readvance of the Lake Michigan 

till has less sand and more silt and clay Lobe during general retreat of the gla- 

than till of the New Berlin Member. cier that deposited till of the New Berlin 
Member. 

Regional extent of thickness. The 

Waubeka Member is the surficial Previous use of name. This report uses 
unit in western Ozaukee and eastern this name for the first time. It was previ- 
Washington Counties. It can be traced ously referred to as till 2B by Mickelson 
in the subsurface as far south as St. and others (1977) and in subsequent 

Francis (Milwaukee County) along the papers. 

Lake Michigan shoreline. It is exposed 

at several locations along the northern References 

Milwaukee County shoreline and has been Mickelson, D.M., and others, 1977, Shore- 

identified as unit 2B by Mickelson and line erosion and bluff stability along Lake y g 
others (1977). Michigan and Lake Superior shorelines of 

Wisconsin: Shore Erosion Technical Study 

Origin. The Waubeka Member was Technical Report, Wisconsin Coastal Man- 

deposited by the Lake Michigan Lobe agement Program, State Planning Office, 
and meltwater flowing away from the 199 p. plus appendices. 

glacier into streams and lakes. Ice-flow 

direction appears to have been from the 

northeast. This is more northerly than 

the flow direction of ice that deposited 

the underlying New Berlin Member. The 

small end moraine built by ice that depos- 

ited the Waubeka Member is truncated 

north of Germantown by the outermost 

moraine containing till of the Oak Creek 

Formation. This implies that ice flowed 

from a more easterly direction during 

deposition of the overlying till of the Oak 

Creek Formation. 

Age and correlation. The Waubeka 

Member was deposited during the late 

Wisconsin, approximately 15,000 to 

13,500 BP. No radiocarbon ages are avail- 

able to limit the time of deposition of 

this member. Although texturally similar 

to some formations above the Haeger 

Formation of northeast Illinois, the 

Waubeka Member must be younger than 

those formations. It represents a relatively 

56 # Quaternary Geology of Ozaukee and Washington Counties







ey 
e 
O 
. 
— 

\o 
bmmh 

Q 
S 
© 
= 
@ 
ar} 
i) 
pe) 
a) 
<< 

O 
@ 

2 
o 
ic 
<4 

o 
= 

© 
N 
© 
& 
a 

@ 
@ 

© 
~ 
o. 

= 
a 
=. 
— 
wa 

=_- 

o 
=) 

C) 
o 
& 
=) 
&. 
@ 

FP 

na 

SCO c 

& “ames, University of Wisconsin-Extension S 
Re 

a Wisconsin Geological and Natural History Survey = 

2 2 3817 Mineral Point Road, Madison, Wisconsin 53705-5100 

° *  F 608/263.7389 Fax 608/262.8086 http:/ /www.uwex.edu/wenhs/ 
OER AT James M. Robertson, Director and State Geologist 

ISSN: 0375-8265 Cover: Photograph of esker in tunnel channel (NE 1/4 NW 1/4 sec. 1, TIIN, RISE); 

part of Allenton Quadrangle, Wisconsin (U.S. Geological Survey, 75-minute series, 

topographic, 1971). = 
\o 
\o 
~l



i 

Wisconsin Geological and i ! og Ae See gical and Natural History Survey ee. ! 

en 1 
pe E ; 7 a ao a a alaeeall yr | T is 

ary geology 
Sa. Va ben c9, > (2-7 PERT TR se 

of Oza : : NG N ma Sen OA ys Joe Noel “(yey | alll |v f ay LS LAU ss 
sexs 

. ckeo-and Washington Counties, Wilasain 
P Bl hf} : ] ‘ } han i) ie \ 2 | Me eee of 4 i. Wey Se = a RAE SHEBOYGAN CO 87° 52 30 

0 : : . ~~ V 3 v we tee DD +74 or npg. oe Pees y Nah | i ai Y | b ee ei ea | fi i A 

“ = HK Tie 1g . : : saxo Se) LC AC Va ain en ZN hoc we sa } > A i a, i) é | pnd 4 » _) ( | eh AS: a Gravel and sand i twash 

David i 
J jie SO VD : Pi x ' an KX Dax. SG ane Based Ge Bs) Bliss) 

ay & | 
—— ee 

. «Ahlen an ene Sen Ps “A. Ky aN 4 8 We V7 Le Ae Dy Joao e", ft ae aes eee) x4 FORE | hi i BR Nep: less cantieus ' 

: . ed ) , ) Lat *s ye) eae. 2 sc es 3 ae > po SNS a ey - oe oo | : : 

| S de Sa hl pf AN (Kewashatp oil Gas) [8 NexaayG as | oe ay : | ) _ aoa 

Explanati 
i eas Ni ZN io | ee Owe Sl ee ag) WS / | wep a ye 4 e 

BO ie em cdi = 

xplanation 
— Doe ie =X. we J \ aga a ) P < [att At Cl ¥ pa iat byte ae is = is H se Sie — ot is a ae a eae 

| oman ed Bo ants ested ra 

Postglacial sand and si 
a ao ' ees i a ~ ee 1 Won Wao at) Me Hey ae / Weng Ta Or 3 — — OF Jake oS ‘afd H aos / | sce neo asl magi ~— 

ania) silt. Commonly a mixture of sand, silt, and clay NAS 4) A) Ves Se AN Y NS 4 ep ce a } | B af i Ps z &: a Na i : ti ( sms os 

Vi . ey hae : sf. lU!UlUlUmUlUl—e hes loaneten re) ANG j | ; lf q Se Bs ae : 
3 

. along decdyenet hoe naan ae found mostly sont ie ) Q U Lb OS NS es hie) cae : i he oa, pe Lively a) | aes A is) F ARMING if \V oN gee | ; ey x g ! p oie 

: eams and at the base of exten- its YE <A a> Se a @.5h 1 Seah t=) mp | ae. f= sf as A : = : | | rl 

= ke Sou Cane camara i ae a LQ wy a ~ 3 Pie Puc OF cn Wawel ie en 4 ©) ta lA Hi 2 ia ( sy Le s 4 ANY 
/ Nsp at underlying flat plains; occupies low places in the ‘ead 

i 
AL lV ee ay y os | Na } aa\ f Z 

HE er) bee) gor y 
: 

| 
) 

ae oa ee 
i PAIBTATE [IT ~ Nii ae 7% d y Al L\ Lh Soper 

i me) eed . al sky AS Eh i i Bh 43° 30° ~ pe where lakes were dammed by retreating ice margin. 

Postglaci er: 
aS eee) CU eer SS pote PP distr) 21 Dg : as a as 2 

i sal ri iment Ps sail died indemeasengeation | ae 7 La ; Uh rs ) io pa 2 || (W (Giratecd < is? ra ton est Sols MK 3) al | AN ee HorIcoN MEMBER OF THE HOLY HILL FORMATION 

ae eae aoe eae 
Ah Sek : CONC Tt oS Nh yo ici) | i ON VG ct aoe 17 ee 5) APY ve 4 ( od it st . 

ee . y deposits of io. mE Pr Han\ tio a4 2 yp, & re . ee ‘ 
y = | 

Se ee a ae é 7 tctleie- Sky Rang Goa Led rp A ye 
N aoa ry \ 

N a a a cniag of streamlined topography. Light yellowish- 

the landscape on flat : parts o! 8 C Sree i UL CCS) | et ae SH Lake | Sg L : LS 
| ee 

Pp to gently sloping surfaces. 
! os { \ Y) PF AS tv's A en) ew \-\5S in ) 

. _ Y NY LZ i 
) V. ee si ‘ pect iba basal ttt 

P ‘ 
Rete 

SE gi wp lian Be WON NE —gieiten EN 
Srna yy XS i X 4 

} 
___| _ silty sand; generally compact, uniform b il. Unit. 

sence anarccied 
} As iT & He \ 36 8 AGE Ie) ( 

— an te wee oN 1a 
| 

/ | Htr: rolli ach, orm basal till. Unit 

We Sand and gravel le: : ri 8 es e shore of Lake Michigan. 
OAs Yt \ S “~Sp Q ay ty \ obs A) Nn \ 

x = os \ ri 
| P| st mmlinel = ee 

. : paemartha shore nt Labs itch | ee By : = ' a 
HTN Pe | CHIR S oleh d8 one) ; ) 

S| 
|_| streamlined forms produced by slidi Aa tei 

P 4 : ick over 
YR CNG R f ow / = 

ay 
: 

; ae | 

eet pape 
ah bp 2. “ : Ss S : I) B ALR fo nV) e - 2 es 3 ousiip 

/ surface has high relief ( eneesit g at the glacier bed; 

ieee 
y places oe ? A X \ Ar yee etl y Le yx Yi WSs 

y aed a 

y 
5 ly greater than 15 m). 

7 a \ \ : Waa : esas b i i ea ne Ge : reser at | Sal oC 
| —— | 

—_ ee sediment. Unit spx: ieeekay 
a : a : \ Mad 1. ers hoof S| | Wed ay “yates a re San ge Ep ; a ; 

) ( re Pode * iy we [acti sd ent gavel satace 

i 
kK N : : | 1. Ie bees Ae tim NS \ SPORE ry y PN Ay Seley ee <m Vi a 

f } ne a oderately well sorted sand and ; 

| J = A: Hs ‘ i oA ees a Ne 2 Tee! f my ) a i feet . . nd gravel; surface has 

eee seagate 
n pw, eye 1S N oe Sie ay, pis 4 NA gigi eg i g " “s 

wi \ 
V/s { { “| moderate to high relief 

: e (Nipissing) shoreli S X vy PN Ge Wo ae (s \ 4 SP en : ; Yo U ; posted oh and beneath lal key 

sliaaepresen ami siaees g ine at oi 4 \ cd CESS Hod Sate) | Sok 8 ae Se a Ze ey Oy yey AR Uf, iy topography; deposited me y 

; . modern b nat RSI ey oy, fs | P \ ISS RR e Tt ; es “ = ne 
Sern 

where unit spw is shown adjacent to Lake oa ye AN eS ; \ KS = ah be y " pegroyemm ciey Le est |B a + ooo me XY pretess SIE Sd f a) roe rn y ae sates eae een sediment later oa 

, Saxct \ _/ \ | \ (es ol) He yo of ed teat eet a \ ot \ 
eae | 

- 
er : A ; Gia wae Apa eA 

fey | as : tk 6s 7 \ eae me ‘ Ki Ty 481 é ocky topogra hy as und * 

UKEE MEMBER OF THE KEWAUNEE FORMATION oe Addiso Lal res oA) Aer. BE TON vik a AG A oe Be a o . mS 5 ‘ y . ae css 
on = 

? ; “ <i h we [ H a fo ate 7 a7 =, aes iP NG rg oe ED | De tS . i ras \S Z Gravel and i : 

a sin eee sos apeusitaneuieemeasaine teen 
| , \— Sh BES a si > ile : ) Se Jr a x "2 (I~ eS SZ. JSS. | iS rr Ls \ | od \\ y ravel and sand in outwash plains. Moderately well sorted, well 

mud ae amounts of waterlaid diamicton and TH "| YY _— EN 
VY \y kg dks has ep ad gilt Ve 5 ae NS a YX Q Me a = i wo i a SE : | “ae ¥ 2 ty v a | ae oe ean pada dees percent 

erat tia mic 
ee eA yi Sees ll US (a Se 1 eet PRS GE NSB YN peer << | he) 

of the original stream bed i : 

| = " A | Np Sie roe Ss mo he ne ee G Wher I Qzoisk i) | ed interrupted by depress: 

a 
ely stra 

X fb ES : 1 ( idl) | th OPI CET TS 
rts Pete c ee Ca 88 Fa a KH ding’ Fi 

© | formed by melting i ; PrSesiOus 

: , , y ey silt, interbedded \ REIREA SD ANE = GP SSC Hoe PT +4 inbfbkOs) | Soa. S if RR gh ees = Boiight’ IPRS / IN Ce 
_ ten 

tsa pact er rel 
} ees en ' Os ere py (ahs rhe A ORE EYE : : <= ca ae Pi ake 

LA y 
| percent collapsed 4 LOPE e than 20 

: , stratified sand and silt; wi = Eee ie ) \) fy. \Cogh ORR, Neo ANPP eee OK RENTON: \ it NES SS 28 yi iN a 
omer steam bed oth nts depo 

with moderately well sorte, well sta ail LN eR, oN. \ Hop Heat (Many © Oe Oe Get | CEN Nee Nora i eS | = ¥ « ft LS fh 
uncollapsed f Orme 

| 
J . > y. era, | Ptah S Me a i ye fe Poe ‘ iy fod fo i) \, psed former stream bed. : : 

mow nn cs caeemageem en tS y ee : \ ee beet : ae a > ba a. Le <a> Te a ss vet) Ap Jy aa | y, \\ AM C 2 ) min 
braided streams in f ed. Both units deposited by 

upper 8 m contains fract are and actively eroding; 1 Ea) Sy CS a (A 9 4 TIWEST SAD pa ase a pe J Sa GeO ee el > IN ee y ( : < 
ety nl 

et ote 
S 2a Ss Be OY e 4 BK Sekag Sh aR A Kr} So Lee ss <td VO aR ae. HS 

hs 
Sand in 1 + . 

- 
; x ee @ KAS exes | Ngee siller | SO Qe Ceecey (eS el oe a » f tae Wc: ) 2 acustrine plains. Moderately well . 

Diamicton i 
Sh, . Oo , q = S A i vA | LAYS Dalke {Nop io \" I y ees we ~ we rete a a Mi 

: : : area 

ae Mostly basal till, a. - \ RAV je aHape 1) y . (OP ssepe each) SiR k / pee pie S04 EL\ te es a) a <eye i ( : \ ‘ Was ° f | : on iss caeleaone cone 

| sy gate 
Ye ‘ Sere cd te j SE agen aie lg: (5. \h ND Washi 3 ere lakes were dammed by retreating i ; 

See " Le “ a. 1é Wow pe mae SS We eo Le bs ie ee Ne ee , : ae a — . soar 
| 2 nhc ye of my | | ies S\N) gn is. ah) fed ee aoe S| /wehiff { re PTS a any 1 je Se A \ fap \ AA [| hea & Silt and di . ‘ 

be clayey silt; generally com; ; ied, 43° 22" 30 Vo oO The sf © 6 OH Bes oxo rea A 55 Loe ves! web | Vee er ae Le ane d e ) dest eza “4 —— , 

ip Sain eae. 
| ee POI Ka £5 Ret Neary J @ 1g ht sh} A & IAS ey " A : ! SY eT 4 fie > 

and cl : ately well sorted silt, sand, 

upper few meters, where sand lense , P , Bae ee OT ip Y \\ LP Sf. oaks | iN SY 
atone ct eee ESS Reey ee ee . tothe Sie an 2 y on SP £ 

Shi peek ene omen i 

di oa tg ; s and other | i ea, | |) 7 Stizen eh IS ate. Te dapp\ |) gery LPS “Wy /, a | | 1 a & eW. ca pep 2 \ NOP S Oe Sp 7) oa Qe Lf . 
kemargin 

at 

cee = res and ther d S ae “4 C x 3 =x ‘ Ey zh ws evens 7 q THe Ti genes { = 14: ME q | Kies if AB ce? [-& app © E HB 7| 7 - & Z| pe NOR v vs 
ice margin. P ere lakes were dammed by retreating 

found upper 10m contin fr . f a 0 “ed mm /y vi OMX tale € Pp SSS ay Byjat { aie — aes ae . ia Ge ee eee we f cree app ~- 43° 29" 30" & 
, 

phy that is stream di aie. : y posta: iS d.\ y = aw fon, g aK \ fat / \e La fy | piece | ey 
é es Moe es eS 

> i 5. 

Unit Zthe: eae aaa 3 km of Lake Michigan. 2 > ey = \ i Wi | Pie ka f of NRE EP ge | ud 
2 Sor oe pas Steen Ke ee 3 87° 62'30" he , easier Mn a =~ ~COC~C*~*~: 

E aine. x Wh Le) Neat Z\\ “i SA Ewen! cera fee \ : ® Se u E a ee ) ee 
we tt 

Diamicton in areas of pali . (\ = ns) TX Cetera |} Re Kt Bees at 1 iH a : : el , ae - £ 

ay cocoa ace i> Sven Vie Bw he ~— the he ah He Ge es . Ml slim fo th ern New a 

a 7 sh-brown, crudely stratified XN © \ S| fee Se A ee ceo en Nee rk : pop) = 
cL | Bc PCa A. ae 

Members) intimately mized. | 

or unstratified, clayey silt; u F y PF \ A XD CEPA Hap SI Nook Kc V0") ese | Re \ jo a 
a e A i 

vm a 

; , ; upper 10 m conti . ( ; a ‘Re ap PS RS) Sie bee /} ‘ o>) | [ee 
Bes ee = p ban 

~ | " 

streamlined forms inherited from ntains fractures; h- ~~ \ a Cr tr s _ pen, I Let Madea fay Soe eo a — ee < , Pie i n : . a ental 

G an earlier ice advance. Di Ne. Pe | Ey se {iC ane SS 2 gat Sarees . Poe a Cpe Bro Ze f é : 
=: : 

ravel and sand in outwash plai i teoa| Da 2 eR > Cc | fe LG linge Botte eg MES ae es (oS te fo f Ae i c 
Soe 

Zo stratified gravel and sand ieee oT ted, well T10N| Ri tr wo Abe \ aN a HIS Buon i 2 Px BA Te a 4 i ee aches ; ee Te ‘ : te . . one cs = =e 

ap | : acial streams. C PERE A | A awe iN eA 7 \ AG NN | io | rd | / 
wi : = : 

| Unit Zgp: less than 2 1 ey & eams ee Ae 7 ie oe | PON / Ration Wm, Yh ag 
1 io C IG Y I 

face has moderate rei ess han 15 " 

Unit ep sth a pesteah 7 aa Aaa 
‘ ae = Lye A a) rl See BS a PTE aaa rower Le Jf = 2 

ty ‘| : Cs 6 aPe) Jo Ry, (ey Sx Ss 
. 

surface has moderate relief (less . oe orm basal till; 

Zapp Unit oa y depressions formed by melting ice blocks Sa Seg SA ee IS im Ne oliy es Ulead Ae : 3 ? f ff = 

ghia moh = 20 percent collapsed surface, yet Pen Rep EEN dy Bae a pe? ye y SS OW 
PP 

aN KS : We TO y/ 
aan sai senenecnnunenpuin: Jini at Spent 

units deposited s a former stream bed. Both 3 Pied Gina RAY fae ae en & 12 ay boty a ah 
cS 

A i ) { A @ Vk men Sr 
taeda een een ie 

. Y braided cireame in front of end mo Qa as err et / {ak vt Wu aw... ee Pi od a 
- 

See 
: pati 

io Fe ~-_~<| gravelly, clayey, silty sand; “ 

: " - ey A So ae / {- fon i" | \GR S)/ NN 
A 

Co: eee 
Py. 

: , , = : 

neath alga recateg parallel fo giaaien snap 
| { a = Vd aw te 

iy sa e4 ! a va non { [Nt |\ q \ 
Y 

S i 
i. 

§ ty ~. Ltt, s be till, except in upper 5 m, huis ia jae 

Silt and sand i . 5 
oo: . Hop | i Ae | —, y ne A mee SY 

pba 
i 

ou L. lf sface has moderate . ! 

sn asin pi Moder fuceiedefeant a a | “Og. Hop | Ja coe Oe ed RK Sy 
oo Q e LY oeiseley i. 

CH =e ; surface has moderate ail aon ot seainient 

s ing flat plains. Unit Zip: occupies lo : o eae - Ba A “eG bs A — 1 RN As 
: ae | a a 

psn the landscape where lakes were na - . 5 sgt & \ eG) hoa y f y a ay oe, eh =\\ We 
& rea Q mae: ee ~~ 

a ) pography; occupies high places in landscape. 

(ands g ice margin. Unit Zipi: found higher in the Oe SA ar ow ae ] ri? eR | Bie ( | cd , x Nv a, 
we h : Sc as a) j 

& | yy re wel sorte, stated gravel and sandy grave sua 

aie, by units Zth or Zthe; 5 | Ve edogty Zp ae SEs ee i / vy Was 
3 vt oe - a ieee ieee = 

ice-walled lakes. / 8 ee Ay | Cue P/| Gi) Fs Ws ee fee NY [Ne | ae 
= y 

‘< 54) 
ka oP L _ patie eer 

<— A Vp foe yu 1 ef mo . 5, es ay Ly \ 
S ae Seva. 

NS ETTD TA 
~~ phy; less th: an 15 m), hummocky topogra- 

omc Cuinc nnannon 
x e : Ly 4 eealt: v7) _- LZ i ) ( ot f 6) We 

“ Th a y aD nk 
preserved; occupies highest po ante — bed is 

fe “ . 

ee SY, at me 2 oY FRG 2? de’ be { +7 iP | ee E | at \ 

\ 
ct 

invorbenesth lai 

Dasani areas of hummocky topography. Gray to grayish: ‘o y wf é spas. “yes ne ‘ Siseuerens ws Sef Use |/ C nl S \ Kee.2y Y 
q 

24) iF V2 ad 

on oe deposited on, in, or beneath wasial ine 

rown, crudely stratified or unstratified ia f Bala) 25/9 Later NY ‘Sapp? | al | Sol ee ee (ae As to Res SN es | : : 
since ee 

‘ , clayey silt; | wear | =f ST Peay aah Graw «J C { La a) WY oN see Se : | | i] 

nga are 

a 
7 a9 ed Wh 4 j Romina f LST ad TN eS hat eS SS eee \A SRS 

a S AY = yi 

apsed to produce hummocky t 

: aye é > oy | re eT Caw) “yon uber LO , | \ Richfield Q Las i i \\ () 
‘ . : y topography as underly- 

generally very uniform, compact asl ily excep pper few mea peel i Aree So by “fd le Le \ Me oh 
foe / ee 

ng or adjacent ice melted. 

3 il, except upper fe meet eles) [Mel 1 b G6) Ny poi Y w N vt 
fer | ] bé Ve ; 

eter here an tiscontir 7 wo) Rena cleo 2 i avp/ Co/Pock it aN Nh 2 Nae {\ 
A ae 5 Soe ‘ a MES 

a . 
: 

fs ge ee a fn aterlaid diamicton common 
i & Lee Gee. a ie ro fa = ) | fi | oy or 

eu Ss aN 
oe 4 ey y ; ile i i a oe epee en —— Crvel ane ba a SE ee 

te hon om eh. Ga nae | fal fect { | SG CQ p epee 
Ee: boy 

aed g 
ration. Every reasonable effort | stratified gravel and sand. Uni , 

espns lg Lae Mi ni ea, ‘ ml = Pridgsibghe Es 
ae sae 4. Y , ae \ has been mad i Usp | uae sand. Unit Ugp: less than 20 

y elief (less than 5 \ Sa] f Wane ) satel a ( ~ aes oa0 ‘fae es Ly y UES aN BN cotesienoiperebied ine | yang i ! 9 

Set uibGlie kaoeteea vaya 
Daearhe TON fess e ne Ye oR } ae Nl foe Lys As 

é A cP. : Sik 2 | hf. £ | tell LS ane conforms fo sound scientific and airs is 7 iQ | by waeline police Une by nee pe formed 

5 
. Roo SP \Hapa) a A>} topes dieg SD! 

Pol — Vo NM Sea oe lee Wy ‘Sadpit | Ogp , pan 
eS principles; howener, the map should not b 

al 
its son PoE 

Gravel and sand underlying hummocky topography. Poorly to L\ a ® so hiro cad [ \ yy Dy, hs 3 DY ef Amb NPA brent f Dee Ee | A \ ee \ to guide site-specific decisions without 7 OO ere a ee Gaile Soneie uP ie einaall ed 

. — wr ert 
: ; Ca f Ye : A / i ; ou <a oN 4 i aN SEN So = 

4 | al 7 J Vz oo "i ee er use of the map is the sole responsibil- the tesa tas 7 uns ones higher positions in 

Sie en pe 
SERMO Cooma, 4 |) oni | | dpe dy 

eee Vee — ner Ah \ | Cot a f y 1 P| ery AN 
user. 

erwise similar units on either sid 

deposi yeu y topography; ee i a7, | ae fx ME» | op [7 feo Salams SoatK 9) Ry, { / : ss \ 
a = 

mee So 
_ w rein b) ee A tig |__| ) we) N/ | Sha al 3 # seared » 

flawiag eaiieace: both deposited by braided streams 

rene the ce EEE keer dled ae UN Saal ot my 7 ay 
BSS , Se, Wi : ; oo i Ke 

; estward through the interlobate corridor. 

ocky topography as underlying ice melted. ft 4 f low Fe w y kof : hi ‘ a are \ PA Bell Sy Fe I rs } i t b 
z zy “Sand, and clay underving fiat pains, occupies hig 

Sisarahcsackes 
(at Q 42h Pb o eo 4 a | ie K Sy cle ? 

\a\S . 
| sand, and clay underlying flat plains; orted silt, 

av and andin a s SiietietaNre inane 
ae hs Av ee aye y PN oS Shop) ~ of N| 

HBS 
_™ | places in the land: ing flat plains; occupies high 

5 zi . stratified Se ondLamih Unit Gass eet Le a | lion 1-4 QS 5 |) s Va a jar gy RY k \ Vy] [Neh ih at We) ee sat t (h ae 

Xe 
, 

~ dd Z ee scape; surrounded by Ugh or Uth; 

x he client eal ren eal nectoumed . an (aa a0 | oe s j IY Gas : cL : Len Ve 7 NN te 

\ , 
eposited in ice-walled lakes. 

i i . : res- ea a ei. I~ ay eek. A OV fo Ne) Le / ~ a eye |) oy He NG 

& G 

se a eoccetedehy amen semis b 
-depr es gp tgp) | py AC 4A\ ie Poy A We a eke re J ‘) Ks Nis s BK, 

Le \\; 7 
Symbols 

eee oe surface, yet exhibits some of the ~ eeeeer ° | | | wn 
a | \- 

braided stre ee Both units deposited by 
R19 WAUKESHA CO Ne ATs A ; 1 \ai \g Lo 

ced greene i om 

ams in front of end moraines or in valleys - - ~ er : 

ti a ~ sited 

cca 

<a ROE MHLWAUKEE CO ane Bayside 
lapsed as ice melted. posited against ice, then col- 

Sand and silt in lacustrine plai Sand an plains. Moderately well sorted t —— : 

= 4 erpreted position of maximum ex- 

aS ying flat or gently rolling low relief iami i (SS re io : 

| than 3 m) surface; ; 8 relief (less Diamicton in areas of h 
= 

ieee) : ; predominantly beach and 
s of hummocky topography. Gray t 

Base map from U.S. Geological Surve i 
wneseseesones ama a ~ eae os et set _ oo ee . 

logical Survey County Map Series (Topographic), 1986. - ——- e or end moraine is missing. 

| . | so | | | < th and directi f 

™ | , cul sted or re | y ee well sorted to well Silt and sand ‘ : 
Seale 1 2 ection of meltwater stream. 

se fhebeettacellschiletpesttanttlea 
a’ aes ‘m basal till, except in upper Wap than 20 ati ied gravel and sand. Unit Wgp: less nd in lacustrine plains. Moderately well sorted silt with 1 0 i 5 cale 1:100,000 

m 

and clay underlying flat plains. Unit Oip: occupies | . may be found i enses and other discontinuities x percent of original stream bed interrupted by some sand and clay. Units Wip and Wipi: flat or gentl 
: : : ee 

places in the landscape where lakes were: dammed by fractures; Se ace en sediments; upper 8 m contains Wap 7 ve on formed by melting ice blocks. Unit Wgpp: rolling surfaces of low relief (less than 3 m) Unit wih ee 
a _ 

: : ! } : 
. . 

4 
. 7 ‘ 

ue 

paces inthe landscape where aks were damned by ae —— relief (less than 15 m), of ie an 20 percent collapsed surface, yet exhibits some = erate relief (about 15 m) depressions formed by i : 2 3 4 5 we Esker. V points in directi 

ae ly surrounded by unit Oth or Othe; deposited in moraine ography. Unit Wthe: hummocky end ited a collapsed former stream bed. Both units depos ae ae ice blocks. Wip and Wih deposited in regional low 
_ 

: oti Pe 

eee ited by braided streams in front of i i : Hfiicat site Wega _ | : glacier margin. 
ffsh : ammed lakes; both deposited 

x soar eal 

= 
- : . ee eee Diami . 

length of d: : ymbol proportional to 

WAUBEKA MEMBER OF THE HOLY HILL FORMATION | Z| one a topography. Poorly to ‘ Ta Tee — ately well sorted to well sorted ———— : teva ie : | mS ; —— Sn —— 

iWin 
Wen rted gravel and sand; surf 

. Unit Wsp: gently rolling low reli 
5 es. Soe -brown, crudely stratified ifi y ° sence 

Diamicton 
z 

Ig | mod a . ; surface has Wsp. 3 : g low relief (less than 10 m), 

bogies i . orunstratified gravelly, cla 
Nese polygons 

ae aca topography. Gray to brown, 
sctnecaten high relief (greater than 10 m), hummocky — pa sloping surface. Unit Wsh: moderate relief aout New BERLIN MEMBER OF THE HOLY HILL FORMATION 

b/s] _ silty sand; generally compact, uniform basal till, ee M7 x Mouli 

om | till; eanecatiy o or ee gravelly, clayey, sandy melenaten . eposited = and beneath glacial ice by ) Weh ta depressions formed by melting ice blocks and by Diamicton underlying rolling and 
be: s : me oat ce iiacaaetbecfuconteutecdhee 

— 

. ri 
Diese or anbenc | sn) depressions focned 

pam : g and streamlined to, h und in mudflow sediments; z at . 

: : ; 
; r — redominantl f as i i oe 

cree | 

are sr 
sca rie banter Seen oee acm and nearshore sand and fine gravel de inden Loe ] to light yellowish-brown, crudely stratified or ¥ (less than 15 m), hummocky topography erate relief Y eoNogic el Dashed where uncertain; solid where 

an earlier ice advance. 
ing ice melted. y- marginal lakes. posited in ice ee erie gravelly, clayey, silty sand; generally com 

| / oe aa oo, 

er . 

faseerneieal act, uniform basal till. Uni ; ing i 
cet ens : 

mE: : 2 | P A ill. Unit Ntr: rolling topo: hy wi G i tial 

a inrereant eRe egagpy: Seay tala ely 
| moderate rit (ess than 15m. Unit feaie Bm trodecdely well ocied poocly- co well daca boa in 

ied, gravelly, clayey, sandy silt; 

streamlined forms produced ‘di . : | ee ee ee . 
| 

IL i ‘ , y silt; gener- 

: produced by sliding at the gl . eee ; 7 Poor heme ; 

eee pee basal till; upper 8 m contains frac- 

surface has high relief (greater than 1 3m). e glacier bed; Seat er sand; surface has high relief (greater than Sm), 
Dist a eartogzapy and eing b 

3 ea ae al ouaterna ; 

aie = ny eROERE RY! deposited on and beneath glacial igital cartography and editing by D.L. Patterson. 

| colo eltwater stream near the ice margin; sedim ; t 

ry geologic map of Ozaukee and Washington Counties, Wi ater lle to produce hummocky topography 3 JR. Wisconsin eno an a . ; ' ; - ons a ine ies meted. a \: Wisconsin Geological and Natural History Surve 

2 jg 3817 Mineral Point Road * Madison, Wis: in 507 . i , Wisconsin 53705-5100 

y ATIVE ; 
EXTENSION James M. Robertson, Director and State Geologist



R18E RISE 
Ww 

s . . . . ron Boa 14 roan R20E Wisconsin Geological and Natural History Surve & | 5 | 
4100 — 8 _— 3 Washington Co | Ozaukee Co Bulletin 91 

>) Marsh \_. 7 Sy Move Mars Moraine © RIE Quaternary geology 
1855 | fh =| i 3 of Ozaukee and Washington Counties, Wisconsin 

~~] East Branch / Ni = Vy 3 6 ‘ Pl é I | Vv) \ ate 2 s Rock River | | | I\ =e ' s ! ! | ROE ROSE 
2 = Bim \ | SS 3 0 vA] | N as EAST-WEST ¢ Pye Mel) | \ ° 3&8 CROSS-SECTION INDEX : : KT luo TTT | 55 3 e009 = ed ee, 25 Wa ee ee Washington Co Genuies'G David M. Mickelson and Kent M. Syverson 

fo ae \ : 1997 
irr] Sa ale aR, c ‘| — 3 < IL T12N G aris eel ITS 250 

800 — Yo ey ‘ N : Q G 
e V . \\ 3 5 East—west cross-section pe A = Owt \S o Zi 3 -205 2 horizontal scale 1:200,000 TLIN E rf NORTH 

<! —— £ 2 0 2 4 6 8 10 D [| 
700 § —————— ————— fe | 3 I> 

ee i Lake |-200 $ KILOMETERS TION c TET? 

RISE RISE ici é 2 0 2 4 2 ee é Michigan uw SSS B rtd LA ‘ 
was re 4 Ks 

Ws oat 1 1 1 | 1 \ 1 1 1 | —175 a Dien 
= & Channelized : : : LITT - x A s a Vertical exaggeration = 85 times RISE RISE R20E | R21E R22E Lm *< \ = 4 stream draining R20E — I Ei 

| }\ 5 acial Lake We : i] 4100 — S wy | 2 Peel pase 5 Washington Co | Ozaukee Co rh Le 
Ss [ gz & I 1 | 1 1 

C 3 CK s \/ 5 R21E PIT TR 
£ Hn M so Hi & 
€ NJ\ = J = s ie 
§ 1000— sf r~.\ 7 s Bo ' 1 81 ' | Rose 
3 , ed | = % x 

i - | 7 g 3 a \ Hin 7 m - 5 o . di ‘i 
ee / We 5 = ‘ f ‘ 1 ! | — 275 East—west cross sections showing Quaternary deposits Waubeka Member of the Holy Hill Formation Undifferentiated Holy Hill Formation 

— 5 Yl S . . : 4 2 S = exposed in the Lake Michigan shore bluffs of Ozaukee oo , 
- $ FE and Washington Counties, Wisconsin Lm | Diamicton Diamicton 

9 s ~ 250 g Stream gravel and sand 800 — s & 3 Undifferentiated units [Wo parent peerelarel dead ee 8 
- 5 4 « Lake silt and sand Lake silt and sand _ zi x 205 = od Stream deposited silt; [wi | oo 

ese Xx a 3 sand and organic deposits of modern streams [Wig | Diamicton, gravel, and sand 
= —< a -_ & =] Organic sediment Oak Creek Formation and Waubeka . ; 

\ MS Lake . . and New Berlin Members of the Holy Hill Formation 
Ww R18E RI9E ~~ Michigan ae Modern beach sand New Berlin Member of the Holy Hill Formation = 

es [ om | Diamicton 
1 1 1 1 1 \ ' 1 1 1 oa [x | Diamicton —— 1200 -— - | - [ om | Lake silt and sand 5 a R20E Ozaukee Member of the Kewaunee Formation : “ S' 1 and sand 8 Gr 2s < tream gravel and san Lo. 

= & a aa . 5 5 Washington Co | Ozaukee Co an . Diamicton, gravel, and sand 
s “i Ss . ( i 7 i i RIE eee Diamicton [iw | Lake silt and sand 

AG |= "S 2 si 5 A 3 | ec j ‘ S [a Stream gravel and sand [nig | Diamicton, gravel, and sand 
2 -/K 4 , = fie lo. wz Note: The cross sections were constructed by using some Y | / \ afm | Named YO 1 1 1 1 1 fas z : . 

: 4000 -K 7 \ 2 j Bir | = 3 At R22E Takerstltvandrsane, wells from as far as 1.5 miles north or south of the section. As 
3 = a" Ml | a S Horicon Member of the Holy Hill Formation a result, the top elevation of some wells appears here to be 
é 7 ad | eee ea & 3 ' 1 ' ' 1E 3 below that of the ground surface along the section line. 

7) ais aoe | 8 z Oak Creek Formation [a] Diamicton However, for those wells whose top elevation appeared 

o00= & ee y 3 7a Diami rand sand higher than the ground elevation, the part of the well that 
7 LL < SS r || s « [oe] hammcton [¥0 | Stream gravel and san: extended above the ground surface is not shown. 

er MN oy 5 & E 250 [es ] Stream gravel and sand a Lake silt and sand 
800— | = z a ee ’, 3 g eae Lake silt and sand [Hts | Diamicton, gravel, and sand 

ee Uf" a o Les |S ioe —205 2 

~ on a : 
SS RIES g 

RI8E RI9E SN 8 
W. ak Lake 200 & ; we Geologic contact. Continuous where the posi- SEARLE STEEL LTTE EES EAL SET SL RE BSE DEEN DEES IST TES ELE TTAB TREES SOT TOLER SE SAS REI 

| en | Michigan ff tion shown on sections is generally within 3m 
1200 — nua 3 S —175 of the true position; dashed where the posi- 

= 2 h 3 R20E tion shown is commonly more than 3 m from NORTH_SO [5] [2]2h 
(\ G6 - ae SOUTH / 5 3 1 

100 ; a = |i \z ya | pa —— CROSS-SECTION INDEX “1[s[2bopy 
Be (\ AM 7 \ S& I. 4 R21E Washington Co Ozaukee Co [18 [17] 16 [15 14 

e : yi j North-south cross sections showing Quaternary deposits exposed in the Lake ee [31] 22] M3 
2 a, wi R22E E Michigan shore bluffs of Ozaukee County, Wisconsin TIN Pt | of. a [6 [5 [aff 3 a : esto 5 i 7[s] 9} 8 200- Hel | . [7 [8 | w eel | Cedarburg Bog = re en —275 Till of the Ozaukee Member a” 

= Td t . 
: Hest DAT ae 3 D [or | Till of the Oak Creek Formation THON 

800 } | = ~ 250 (WI Till of the Waubeka Memb [20297 B | | = of the Waube' lember 5 2a 

a i / a 8 [nt | Till of the New Berlin Member lo [5 
" —225 & . 700- ey g [GJ interbedded silt and waterlaid diamicton of the Oak Creek Formation RISE RISE R20E | RIE 7 |8/ a € 

3 [ms | Nearshore lake sediment composed of medium- and coarse-grained sand fis tte [2 § 2 
RI8E RI9E Michigan a | s9@) | Sand or sand and gravel deposited in outwash stream or delta; may [20/29] 28 

Ww 478 include some beach sediment. Number in parentheses is estimate of ; BIEE 33 i i 1 i i \ 1 i ' I t \ ‘ ~~ f ‘leot : North-south cross-section Sls : R20E diameter in inches of the coarsest 90th percentile of clasts in the horizontal scale 1:35,000 z 
1100 — Kettle Moraine Washington Co | Ozaukee Co gravel fraction. 5 0 4 2 

7 . es ee ee ROE = 160 [ae Lake sediment composed primarily of silt SSL we! HIN ( a | ht ss * a . 5 0 1 dneoie ae eet AI ‘HT us fa) | . ; [sis | Lake sediment composed of interbedded silt and fine sand a 

BL [IM ps2 pean? | WIL HL é ; R22E [set] Lake sediment composed of interbedded silt and clay 
/\ a / A rtd Ra . 

c ~~ ae 1 + etal & a . 
: 200 - Wi Sat | | \ 5 & % \ ! ; » = Vertical exaggeration = 39 times 
g eet | s 
s i \ Wi 8 g -275 8 ; | i wa S 8 

‘n= ; Oi FAN J a 3 Cc Ss I 22 N 

vy a aor Ins & —250 woo 33 | 28 | 

| NSS = 2 a 15/14 u C - 
3 | 210 

iN 205 2 680 — 2/1 aT E R18E HS s gO 2 
Ww RI9E M, 8 iS B60 -200 3 7 i |. Kettle -200 § § 7 . = 41200 — Moraine | Lake 2 & 640- City of £ 

= 1 1 1 1 1 | MN Michigan 3 a Port Washington Unexposed terrace & 
F w B - 2s jes & R20E NI} -175 620 - “me § 

4100 2 = s fo ‘| > Washington Co | Ozaukee Co 600 a 
a aM , 5 

3 = = = i ae fe & pM ' R21E —150 = — 180 
# 8 AS <7) | ww 2 
= 5 @ A lees | eee 
§ 1000-|)  / | Mt |I\ amma! |} oo ap | S 
2 L— - vi | HRS pera < < = 21 | 16/15 a] Hi} | Sa 5 = R22E 8 | w a : eq y — 2 9 E 10 3 BN 

900-| fy \ i. 3 3 F 
ae aba aM 0 8 ' ' 1 | e75 700 — me, 
aE oi = ‘ ov —210 3 S 680- 

800— pe B — 250 2 i 
\ 3 5 660 - 2 owt \ = g ge _ -200 8 

; SS = —225 2 & 640- = Se 5 € = § 
i Z9 § = —190 § Ww RI8E pices Lake RI9E Ni a & 620 = 8 

channel Ug ett} ~— Lake ~e00 |g 
' ' ' \ ' | ' ' ' ' ' | SH Michion a 600 — 

sl Kettle s owl TT lichigan 7 
ean 

s Moraine lu = R20E 478 

_| @ ot | oa [ni Washington Co | Ozaukee Co 1100 5 / ae | s 1 I I 1 1 | P | 5/4 A N 

-| = . ee) ih \ 5 a 5 = 150 S 28 | = 6 f\ feieemees) fact 5 | 8 2 | | ic ieeeo sey  § 3 s R21E 17 8 1000—)W{\y Be ° 3 8 720 | — 220 ¢ eee cee = = 
= Saeecely cere Ng § Si i 1 1 1 ~ 21/21 
s | i 5 : | a = ” 
 ipi< eels See = e = —210 ip 900 Be ig = = ABE $ 6s0- 5 iG Pee ene otal i = s - ° -| fe oy 5 1 1 45 5 E <== —“‘i‘< KC b& 2 beo- 20 = 

800 — : es ale : Es —250 ae 5 
Se cee] ie 38 A i 640— S 

SRR oy Og = 3 4 
io 

700 — ~ 22 -225 g 620 - 
18 

os 2 600 — 
A a € 2 — 180 NIN -200 c 

Tren Lake g 
| TTT Michi: S 

‘ on WN ie a These cross sections are an interpretation of the data available at the time of preparation. Every reasonable effort has okeks Published by and available from Ni) f\ a di ade y x x . ‘ Hn) — 175 been made to ensure that this interpretation conforms to sound scientific and cartographic principles; however, the a \. Wisconsin Geological and Natural History Survey 
Pl ate 2 Geolo 1C cross sections \ } cross sections should not be used to guide site-specific decisions without verification. Proper use of the cross sections is Z| jz 3817 Mineral Point Road ¢ Madison, Wisconsin 53705-5100 

° 8 7a the sole responsibility of the user. . a je http://www.uwex.edu/wgnhs/ 
2 - s ; = COOPERATIVE of Ozaukee and Washington Counties, Wisconsin. Digital cartography and editing by D.L. Patterson. SEVEREIST junaos'M, Rebertaciy, Direcsoe and SeaeGeolopise


	Blank Page



