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INTRODUCTION 

For nearly a century, definition of the sequence of glaciation in 
Minnesota has been hampered by the great complexity of the deposits. Early 
studies, such as those by Winchell (1877) and Upham (1880), recognized on 
the basis of differences in provenance that Wisconsinan glaciers had moved 
into the state from the northeast (Patrician ice sheet), producing the Young 
Red drift (carbonate-poor), as well as from the northwest (Keewatin ice 
sheet), depositing the Young Gray drift (carbonate-rich). The detailed map 
and report produced by Leverett and Sardeson (1932) revealed the range of 
deposi ts formed by these two ice sheets, and indica ted that both were 
characterized by moraines that represented complex histories of retreat and 
readvance (Fig. 1). Among the features they recognized was the Wadena 
drumlin field, thought to have been formed by the Keewatin ice sheet as it 
moved into the immediate region from the southwest. Subsequently, state
wide investigations conducted by Wright (1954, 1956, 1957, 1962, 1972) and 
his co-workers (Arneman and Wright, 1959; Wright and Ruhe, 1965; Wright and 
others, 1973), and by his students (Schneider, 1956, 1961; Gelineau, 1959) 
included stUdies that directly concerned the Wadena drumlin region. One 
result of these was the subdivision of the Patrician drift into a red till, 
formed by the Superior lobe (Pierz lobe) that moved out of the Lake Superior 
basin, and a brown till, deposited by the Rainy lobe (Brainerd lobe) that 
passed across the highland north and west of Lake Superior (Fig. 2). In 
addition, it was determined that an ice lobe, different from the Keewatin 
lobe (now called the Des Moines lobe), was responsible for the drift in the 
drumlin field, in the Itasca moraine to the north, and in numerous locations 
to the west, south, and east of the drumlin field. This distinction was 
made by contrasting the fine-grained, Cretaceous-shale-bearing nature of the 
Des Moines drift with the sandy, shale-poor till found in the drumlins and 
elsewhere. Nevertheless, the abundance of carbonate in the two tills still 
required that both were deposited by glaciers that moved to the southeast 
over the Paleozoic bedrock exposed in the Winnepeg lowland. However, 
pebble-fabric studies, along with the prominent southwest-fanning pattern of 
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Figure 1. Map of the main Des Moines and Superior lobes in Minnesota and 
Iowa and their principal moraines. On the west the Coteau des Prairies 
separated the Des Moines lobe from the James lobe, and on the east the 
Des Moines lobe i ce overlapped the Alexandria moraine, the Wadena drumlin 
field (of the Wadena lobe), and the St. Croix moraine (of the Superior 
lobe). From Wright and others (1973). 
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Figure 2. Generalized glacial geologic map of the Wadena drumlin region 
(Wright, 1962). Black ovals represent the drumlins of the Wadena, Pierz, 
and Brainerd lobes, ruled pattern represents moraines, stipples are out
wash, and white areas are till plains. 

the drumlins, clearly indicated that the Wadena drift was formed by ice 
moving to the southwest towards central Minnesota. This was resolved by 
hypothesizing that the Rainy lobe blocked the passage of southeast-flowing 
ice and diverted it to the southwest. (For a further summary of the history 
of investigations in Minnesota and the status of the concepts of the glacial 
sequence and chronology in the state as of the early 1970s, see Wright and 
others (1973), Wright (1972), Matsch (1972), and the references cited 
therein.) 

Since the publication of those summary articles in the early 1970s, stu
dents of Wright have continued to investigate the diverse Pleistocene depos
its of Minnesota. This field trip will traverse a broad range of glacial 
features in central Minnesota (Fig. 3) that have recently been investigated 
by these students. They include (1) deposits of the Des Moines lobe and its 
eastern offshoot, the Granstburg sublobe; (2) deposits of the Rainy and 
Superior lobes within the St. Croix moraine; (3) deposits of the Wadena lobe 
within, and possibly beyond, the Wadena drumlin field; (4) glaciofluvial 
features associated with all four ice lobes; and (5) drifts of probable 
early- or pre-Wisconsinan age from both the northwest and the northeast. 
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Figure 3. Revised glacial geologic map of field trip region. Numbers refer 
to stop locations. 

ALTAMONT PHASE--Des Moines lobe 
DAE - Alexandria end moraine 
DAG - Ground moraine 
DAO - Outwash 
PINE CITY PHASE--Des Moines lobe 
DPE - End moraine 
DPO - Outwash 
DPS - Stagnation ground moraine 
ST. CROIX PHASE 

Wadena Lobe 
WIE - Itasca end moraine 
WIO - Outwash derived from Itasca moraine 

Rainy lobe 
RG - Dr um II n I zed ground mora I ne 
RSO - Outwash 
RSE - St. Croix end moraine 

Superior lobe 
SG - Drumllnlzed ground moraine 
SSO - Outwash 
SSE - St. Croix end moraine 

HEWITT PHASE--Wadena lobe 
WHD - DrumlIns 
WHD-l - Drumlins, with varIable cover of WIO 
WHD-2 - Drumlins with variable cover of RSO & RSE 
WHD-3 -Drumlins with var I ab I e cover of WHS 
WHD-4 - Drumlins with variable cover of DPO & DPE 
WHD-5 - Drumlins with variable cover of SSO & SSE 
WHE - End mora I ne 
WHS - Stagnation ground moraine 
----- SPILLWAY ---
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Because of the central location of the Wadena drumlin field with respect 
to these deposits, its history will serve as the focal point of the trip. 
Recent work in the region (Goldstein, 1986) has resulted in the preparation 
of a detailed glacial- geologic map (Fig. 3) and a revised map of the extent 
of the drumlin field (Fig. 4). Sedimentologic analyses show that in the 
down-field (southwest) direction, the surface drumlin till becomes more 
carbonate-rich, less deeply leached, finer grained, and lower in magnetite 
content--trends that parallel the changes in till properties with depth 
(Fig. 5). Much of the drumlin field is underlain by a thick sequence of 

Figure 4. Revised map of drumlin distribution in the Wadena field. Black 
ovals represent those mapped by Wright (1962); clear ovals are newly 
identified drumlins. Outlined areas are regions where drumlins have been 
partially buried by younger deposits (map units WHO 1-5, Fig. 3) but 
where lineations in the topography reflect the trend of the drumlin axes 
(solid lines); not shown are the drumlins near Upsala. 
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Figure 5. Regional variation in selected sedimentological parameters of the 
surface Wadena drumlin till. 

6 



Pleistocene deposits that constitute a buried highland (Fig. 6). This high
land is generally capped by a till of northwestern provenance, informally 
designated the Browerville till (Table 1), which is fine grained, rich in 
carbonate, and poor in magnetite. These relationships have led to the 
interpretation that the drumlin till was formed by a northeastern-source 
( "Rainy") ice lobe, whose till became progressively mixed with the Brower
ville till substrate as the glacier advanced farther to the southwest. In 
addition, a broad outline of the pre-Wadena glacial stratigraphy in Minne
s ota can be deduced from scattered exposures of older deposits throughout 
the region and from examination of drill-hole core samples (provided pri
marily by Gary Meyer, Minnesota Geological Survey); this sequence can be 
tentati vely correlated with other pre-Wisconsinan deposits throughout the 
upper Midwest (Table 1). Based on the new interpretation of the genesis of 
the Wadena till, as well as on the proposed stratigraphic relationships, a 
revised sequence of Pleistocene events in Minnesota is presented (Fig. 7). 
On this field trip, we will be examining the evidence for this interpreta
tion, as well as that for other recent proposals regarding the geomorphic 
evolution of the region. 

7 



Lr.c NO PO V W 

"H~ II.. . . . ... 

~. . 
.... 

o 

,~~~~.:~ 
•••• 

u 

ITASCA MORAINE 

x 
W 
..J 
<t 

J 

I< 

u 

. '. , .... qJ~.'1L . ..' 
,, .. 
It'. ... 

o 10 

"' .... 

z .... 
t ••• 

.... 
"" .... 

... 

Figure 6. Topography and generalized stratigraphy beneath the Wadena 
drumlin field. Letters indicate locations of Minnesota Geological Survey 
drill holes that reached bedrock. Stippled unit is the Wadena till; 
below it is the Browerville till or similar northwestern-source till. A 
complex stratigraphy, not shown, lies between the bedrock surface and the 
bottom of the Wadena till. In the middle profile, the Wadena till is 
buried eat of hole R by two units within the St. Croix moraine. The bot
tom profile shows the thin deposits of the Osakis sublobe of the Des 
Moines lobe mantling the Wadena till south of drill hole W; below, a 
thick regolith unit overlies bedrock. 
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Table 1. Proposed stratigraphic sequence in central Minnesota and 
correlations for the upper Midwest. 

STUDY AREA: WEST-CENTRAL SOUTH- RED IOWA SW N. SW 
MINNEsOT'A (MAP UNITS! RIVER -- MINN - -CENTRAL MINN. WISC. -- -- --VALLEY ~lL MINN. --

OSAKIS SUB-LOBE DEPOSITS OUliiASH AND TILL DEPOSITS ST.LOUIS 
(DPE,DPO,DPS,DES) , DES OF THE PINE CITY AND ALTAMONT SUB-LOBE 
MOINES LOBE DEPOSITS PHASES OF THE DES MOINES DEPOSITS 

(DAE,DAO) LOBE 

ST. CROIX PHASE DEPOSITS ST. CROIX 
OF THE RAINY (RSO,RSE), PRASE 

WADENA (WIE,WIO, WID), RAINY LOBE 
SUPERIOR (SSO,SSE) LOBES DEPOSITS 

BOULDER PAVEMENT AND BOULDER 
ICE-WEDGE CASTS PAVEMENT 

HEWITT PHASE DEPOSITS OF 
THE WAD ENA LOB E (WHE, WHS , 

WHD,WHD 1-4) 

OUTWASH AND LACUSTRINE 
DEPOSITS 

DEPOSITS OF THE ALEXANDRIA PHASE WADENA 
OF THE WADENA LOBE LOBE 

GRANITE 
WALLS TILL 

RED TILL AND OUTWASH MARCOUX HAWK RIVER 
FM.(NW CREEK FALLS 
MINN.) , TILL FM.) 

UNIT OLD RED 
LFtR-40 DRIFT 
(SE N.DAK) (SE MINN) 

BROWERVILLE TILL KANDIYOHI TIBER FM. WOLF GREY, BASAL B RID GE-
TILL (NE N.DAK) CK. CLAYEY TILL PORT 

LFtR-SO FM. TILL TERRACE 
(SE N.DAK) TILLS, 

UNNAMED PIERCE 
UNIT 2 FM. 

(NW MINN) 
WOODMORE 

FM. (SE 
MANITOBA) 

OLDER NW-SOURCE DRIFTS 
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Figure 7. Postulated sequence of glacial-geologic events in west-central 
Minnesota (see text). A, pre-Wisconsin advance from the northwest de
positing the Browerville (BT) and Kandiyohi (KT) tills; B, pre- or early
Wisconsin advance of the Superior lobe depositing the Hawk Creek till in 
southwestern Minnesota and equivalent beneath the Wadena drumlin region; 
C, early- or mid-Wisconsin advance of the (Wadena) Rainy lobe: 1- depo
sition of the Granite Falls till, 2- formation of the Alexandria moraine, 
3- formation of the Wadena drumlin field; D, St. Croix phase I: advance 
of the Wadena lobe to the Itasca moraine and of the Rainy and Superior 
lobes to the St. Croix moraine I, formation of the Brainerd drumlin field 
by the Rainy lobe, and southward transport of the outwash (thin dashed 
lines); E, St. Croix phase II: retreat of the Rainy lobe and advance of 
the Superior lobe which forms the Pierz drumlin field, temporary entrap
ment of meltwater behind the St. Croix moraine forming Glacial Lake 
Brainerd and eventual erosion of the Pillager gap; F, advance of the Des 
Moines lobe from the northwest, forming the Osakis moraine and reversing 
the direction of drainage to the north and east. 
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0.0 

3.0 

5.3-6.8 

5.8 

ROADLOG AND STOP DESCRIPTIONS 

Begin day in downtown St. Paul. Enter I-35E North at the 
corner of 11th St. and Jackson; we are driving across the St. 
Croix moraine just outside (east of) the Grantsburg sublobe 
overlap. See Figures 8 and 9 for maps. 

Approximate outer (eastern) margin of Grantsburg overlap of the 
St. Croix moraine. We will be within the overlap area for most 
of the time until we reach stop 8 north of Long Prairie. 

"Sag" in the moraine occupied by Anoka Sand Plain deposits, 
formed by meltwaters draining northeastward off the northern 
margin of the wasting Grantsburg sublobe. 

Intersection with 1-694. Go west on 1-694 for 6.8 miles. 

11.1-12.6 "Sag" in the moraine occupied by the Anoka Sand Plain. 

13.2 Silver Lake Road exit. Go south (left) on Silver Lake Road 0.8 
mile (100 yards past bus stop). 

14.0 Turn right into gravel pit. 

STOP 1. New Brighton pit. Drive (or walk) an additional 0.1 mile west and 
north into the gravel pit. We will be examining a 5-m exposure where 1 to 
2 m of massive Grantsburg till overlies a 1- to 2-m-thick zone of inter lam
inated Grantsburg and Superior tills, which in turn overlies massive Supe
rior till (Fig. 10). The origin of the inter laminations has been attributed 
to a variety of causes, including alternating advances by two contemporane
ous ice lobes or sequential deposition of mudflows (flowtills) from two 
adjacent ice lobes (Wright, 1953). 

Figure 8. Route to stop 1. 
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Figure 9. Field trip route. 



GRANTSBURG SUBLOBE TILL 
f: :':':':::;:::'~':::;!;: 1 it::':':; I 

SUPERIOR LOBE TILL 
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SUPERIOR LOBE SAND 
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SUPERIOR LOBE SILT 
III ! I ~ 111 111 Ii II :; I 

UNDIFFERENTIATED 

~ 
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Figure 10. Cross section at New Brighton locality. "Undifferentiated" unit 
represents complexly inter laminated horizons (from Chernicoff, 1983). 

Following earlier preliminary work by E.J. Cushing (unpub. ms) and Stone 
(1966), Chernicoff (1983) examined variations in the nature of the 
Grantsburg sublobe till across the region where the sublobe overrode the 
pre-existing (Superior lobe) St. Croix moraine. Using the distinctive 
characteristics of the tills (Superior till is typi fied by red color, sandy 
texture, low carbonate content, and high magnetic susceptibility, whereas 
uncontaminated Grantsburg till is gray, silt loam in texture, rich in car
bonate, and low in magnetic content), he was able to show that the 
Grantsburg till became progressively contaminated by the Superior till 
substrate in the downglacier (eastward) direction. This mixing was more 
severe along the southern margin of the overlap, where the Grantsburg 
sublobe was forced to flow up the St. Croix moraine, than along the northern 
border where the sub-Grantsburg topograpy was more subdued. The least con
tamination occurred along the axis of the sublobe. These patterns, similar 
to those exhibited by the Des Moines lobe along the axis of the Red River 
Valley (Matsch, 1972), were interpreted to represent the presence of a 
narrow, cold-based margin that promoted strong compressive flow and, there
fore, maximum erosion and mixing with the Superior till substrate. In 
contrast, the slight mixing along the axis represents a warm-based interior 
where basal sliding prevented significant erosion of the bed. 

The relationships at this site serve as a model of compositional 
variability within an exposure due to the intense erosion and mixing along 
the southern margin of the sublobe. For all parameters, the gray till in 
the inter laminated zone is intermediate between the values of the mass i ve 
uncontaminated tills above and below this zone. Within each lamina, the 
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effectiveness of the IlU.x1ng process is demonstrated by the lateral con
sistency of composition, although thicker laminae go exhibit variation in 
properties immediately along the contacts. 

14.8 

17.2 

18.2 

23.0 

26.1 

34.6 

38.6 

41.6 

46.0 

Return to Silver Lake Road. Go left (north) 0.8 mile to 1-694. 

Go west on 1-694. 

Descend to the Mississippi River valley train. 

Continue west on 1-94. 

Back up onto the St. Croix moraine. 

Intersection with 1-494; continue west on 1-94. 

Exit north on Minnesota 101. 

Descend to the Mississippi River valley train. 

Elk River. Go left (west) on U.S. 10. See Figure 11 for map. 

Turn right (north) from U.S. 10 onto Sherburne County 15. This 
flat area is part of the Mississippi River valley train. It is 
composed of gravel and sand deposited after the river shifted 
from flowing across the Anoka Sand Plain to a new route south of 
the Elk River morainic area. 

0. 

Figure 11. Route to stop 2. 
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47.2 Bridge over the Elk River. The Elk River roughly follows the 
northern border of the Mississippi River valley train and then 
joins the Mississippi River at the town of Elk River. North of 
the Elk River lies the western portion of the Anoka Sand Plain. 
In a triangular area of low relief northwest of the town of Elk 
River, the sand deposits of the Anoka Sand Plain are intermixed 
with small areas of Grantsburg sublobe till, minor areas of red 
Superior Lobe till, and numerous shallow wetlands receiving peat 
deposition. 

50.4 Entering a region of thicker outwash deposits with numerous areas 
of sand dunes. Wetlands are less extensive on this part of the 
sand plain. Recently, privately owned areas containing sand 
dunes have become prime locations for housing development. 

51.0-51.4 On the east side of the road is a part of the Birch Lake dunes, 
including the "high dunes" mentioned by Cooper (1935). This area 
has been developed for housing in the last five years. Notice 
the nor thwe s t-trending dune ridges with trees on the northeas t 
sides. 

52.0 Bridge over the St. Francis River. 
(flowing southwestward) has deeply 
plain. 

The St. 
entrenched 

Francis River 
into the sand 

52.2 East across the river is a meander cutbank exposure of Anoka Sand 
Plain deposits, dominantly sand, displaying indistinct cross
bedding, and containing minor layers of pebbles. 

52.4-53.1 Dune area along west side of road (also developed for housing). 
Note the abundance of trees on the northeast-facing slopes. 

53.9 Lake Ann is to the west. Lake Ann is an ice-block lake located 
along a southwest-trending tunnel valley. Its greatest depth of 
about 6 m is approximately in the center of the lake, where 11 m 
of Holocene sediments have been deposited. Beyond (west of) the 
lake are the Lake Ann dunes, which rise to elevations of nearly 
20 m above lake level. 

54.5 

54.6 

55.2 

56.0 

Road curves right. 

Turn left (west) onto 257th Ave. N., a gravel road, and continue 
ahead to the Sand Dunes State Forest (Fig. 11). 

Intersection with w. 168th St.; continue ahead on 257th Ave. 
Entering the Sand Dunes State Forest. This state forest was the 
first in Minnesota, and its intensive pine-planting program was 
started in response to severe wind erosion of the dry 1930s. 
Follow the road to the new campground. 

Turn left in to the campground dri ve and continue (0. 6 mile) on 
the one-way loop through the campground to the parking area. 
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STOP 2. The Lake Ann dunes, east-central Sherburne County, Minnesota. 

Sand dunes are an uncommon feature of Minnesota's landscape. They typi
cally occur as small distinct areas on much larger glacial outwash plains or 
on terraces along rivers (Cooper, 1935; Griga and others, 1976). Dunes also 
occur adjacent to lakes and on beach ridges of Glacial Lake Agassiz in 
northwestern Minnesota. Some of the largest tracts of well-developed dunes 
are scattered across the Anoka Sand Plain, just north of the Twin Cities 
Metropolitan Area. Of these, the largest areas of dunes are north of Elk 
River in eastern Sherburne County. These dune areas are best described as 
parabolic dune blankets (David, 1977) that contain narrow elongate parabolic 
dunes and en echelon dune ridges. 

The Lake Ann dunes (Fig. 12A) display the typical geometry of dune 
blankets on the Anoka Sand Plain. This dune blanket's distinct southeast 
lobe appears to have advanced into the southern arm of Lake Ann. The dune 
blanket is highly asymmetric, with an indistinct southwest margin and a 
well-developed northeast wing. It is composed of a number of southeast
trending dune ridges, which also are very asymmetric, with northeast slopes 
steeper than southwest slopes. The dune blanket grades northwestward into 
wind-deflated outwash plain, containing a number of northwest-southeast 
elongate deflation depressions. 

The eolian features of the Anoka Sand Plain were originally attributed 
to formation by southwest winds (Leverett and Sardeson, 1932; Cooper, 1935). 
However, recent study of air photos and other data indicates that the major 
eolian features of the sand plain--the dune blankets--were formed by north
west winds (Keen, 1985). Modification by west, southwest, and south winds 
created the asymmetry of the dune blankets and dune ridges. Sand was eroded 
and transported to the northeast over the dune ridges, steepening their 
northeast slopes. This modification was so severe that the original para
bolic dune shapes were nearly obliterated (Fig. 12). The present wind 
regime of the sand plain is dominated by northwest winds that are strongest 
in spring and fall. During the summer, winds from the west and south would 
result in a smaller net northeastward movement of sand. The present wind 
appears to be similar to that responsible for eolian activity on the Anoka 
Sand Plain, although components of this regime probably varied in importance 
during the Holocene. 

A number of vegetational communi ties occur on the dunes of the Anoka 
Sand Plain and are well displayed in the Lake Ann area. Prairie grows on 
the dry sunny southwest sides of dune ridges, whereas oak woods occupy the 
moister northeast slopes. An area of low dunes in the Lake Ann dunes sup
ports an oak savanna community. Various wetland communi ties occupy dune 
depressions. 

Sediments from Lake Ann were studied with the goal of interpreting the 
vegetation and eolian history of the adjacent Lake Ann dunes (Keen and 
Shane, 1985). As determined by pollen analysis (Fig. 13A), the postglacial 
vegetation history of spruce woodland, birch-alder forest, pine forest, 
prairie, and finally oak woodland is similar to that inferred from other 
studies in east-central Minnesota. The degree of representation of prairie
indicator species implies very dry conditions on the Anoka Sand Plain during 
the mid-Holocene. 

16 
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Figure 12. A, typical asymmetric dune blanket on the Anoka Sand Plain. 
B, proposed stages in the development of modified parabolic dunes: 

A. Initial development of symmetric parabolic dunes by strong north
west winds . 
B. Modification by cross-winds. Northwest winds are still strong, but 
an important southwest wind component exists. 
c. Stabilization and revegetation of dunes. Minor eolian erosion 
under variable wind directions. Steep slopes (slipfaces) represented 
by lined pattern; less steep, eroding slopes (backslopes) represented 
by dotted pattern. 
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LAKE ANN Sherburne County. Minnesota 
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Figure 13. A, Abbreviated pollen diagram for Lake Ann, Sherburne County, 
Minnesota; B, Eolian component of magnetic susceptibility of core F, 
Lake Ann. Depth is measured from the frozen lake surface. The estimated 
time scale was constructed by linear extrapolation between dated material 
(surface lacustrine sediment, radiocarbon dated samples, and sample of 
the spruce pollen decline). From Keen (1985). 
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The chronology of eolian activity for the dunes near Lake Ann, derived 
from analyzing lake sediment for eolian coarse silt and very fine sand, 
correlates extremely well with the vegetation history determined from pollen 
analysis. Because no wind-derived sediment is found in early Holocene sedi
ments, it appears unlikely that dunes were present on the sandplain in late 
glacial or early Holocene time, when forest covered the land. Eolian activ
i ty appears to have begun around 8000 years ago, when the percentage of 
tree pollen falls to its lowest postglacial value. Major eolian activity, 
as shown best by the magnetic susceptibility curve (Fig. 13B), occurs during 
prairie conditions of the mid-Holocene, until about 4000 years ago. Minor 
eolian activity follows throughout the late Holocene. 

57.2 At entrance to campground drive, turn left (west). 

57.5-57.6 Wetlands on either side of road. These are elongate in north
west-southeast direction and were formed by wind deflation. 

58.0-58.9 Level outwash plain west of the wind-deflated sand plain. 

59.0 Stop sign at intersection with Sherburne County Roads 4 and 5. 
Continue ahead on County 4. 

59.5 Turn left (south). 

64.0 Mississippi River valley train. 

67.0 

69.5 

70.0 

74.7 

77.1 

101.5 

110.5 

111 .1 

STOP 3. 
moraine. 

Big Lake. Cross U.S. 10 and go south on Minnesota 25. 

Mississippi River. 

Go west on 1-94. 

St. Croix moraine. 

Descend back down to the Mississippi outwash valley train. For 
the next 24.5 miles 1-94 is bounded to the south by the St. Croix 
moraine, and it crosses the hilly moraine topography for short 
stretches. 

Reenter the St. Croix moraine. 

Turn left (south) off exit ramp onto Stearns County 9. 

Turn left into the Avon Ready Mix (Blattner) gravel pit and drive 
to the office. Walk an additional 1/8 mile to the cliff exposure 
on the southeast side of the pit. 

Large gravel pit exposing 25 m of sediment within the St. Croix 

Most of the sequence is calcareous outwash, although near the lower part 
of the pit, two tills are exposed. The lowermost unit is a fine-grained 
(37.8% sand, 37.5% silt, 24.7% clay), dark-gray (5Y 4/1), strongly calcare-
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ous, stone-poor till. This gray till is the lowermost unit in surface expo
sures throughout central Minnesota and has been named the Browerville till. 
Overlying the Browerville till is the Wadena till, which is a calcareous, 
yellowish-brown (10YR 5/4), sandy loam (64.8% sand, 25.4% silt, 9.8% clay). 
The Wadena till is best known from the Wadena drumlin field. Overlying the 
Wadena till is nearly 20 m of outwash. The outwash varies from coarse sand 
and gravel to interbedded silt and fine sand. In several places the hori
zontal stratification in the outwash has been intensely deformed by the most 
recent glacial advance in the area, the advance of the pierz lobe. A thin, 
brown (7. 5YR 4/4), sandy loam till caps the local sequence. This uppermost 
till is typical of deposits of the Pierz lobe, which advanced out of the 
Lake Superior basin and built a large segment of the St. Croix moraine and 
the Pierz drumlin field. 

A distinction is made between the Superior lobe proper and the Pierz 
lobe. Till deposited by the Pierz lobe, although nearly identical in tex
ture and lithology, is more brown (7.5YR) than the typical red (5YR) 
Superior-lobe tills. This color difference is dramatic and of considerable 
significance. The red Superior tills derive their distinctive color from 
red clay layers within the Keewanawan Fond du Lac Formation, which crops out 
in the Lake Superior basin. The lack of red clay in the Pierz till suggests 
that erosion of subglacial sediment may have been occurring down glacier 
from outcrops of the Fond du Lac Formation. The brown pierz till occurs 
throughout the St. Croix moraine and the Pierz drumlin field west of Highway 
25, which runs north and south through the town of Pierz, Minnesota. East 
of this line the surface till is the typical red Superior till. 

111. 5 

112.1 

118.1 

131.6 

133.8 

Exit right (north) from the pit onto County 9. 

Go west on I-94 to Albany. 

Albany. Go north on Minnesota 238. 

Upsala. Turn left (west) on Morrison County 19. The stretch 
between here and Cedar Lake is mapped on the St. Cloud sheet of 
the Soil Landscapes and Geomorphic Regions Map Series as located 
in the extreme southwest corner of the Darling drumlin area. In 
fact, at least for the vicinity of Upsala, the arumlins are com
posed primarily of gray, silty, carbonate-rich Wadena till that 
is capped by a thin cover (1 to 1.5 m) of brown, sandy, magne
tite-rich Pierz lobe till. Des Moines lobe topography, recogniz
able by its subdued character and its mottled appearance on 
spring-time aerial photographs (due to its high surface moisture 
retention), is present to within 1 mile west of Upsala. There
fore, this area still lies within the St. Croix moraine but is 
just beyond the northern edge of the Grantsburg overlap. This 
margin will be reestablished at stops 5 and 6. In at least one 
exposure 1 mile north of Upsala (SE1/4, SE1/4, sec. 9, T. 127 N., 
R. 31 W.), Browerville till (even finer-grained and more rich in 
carbonate than the superjacent Wadena till) is present at a depth 
of 3 m below the drumlin surface. 

Cedar Lake; the road curves to the left (south). 
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135.0 

135.6 

Todd County line. Continue south (straight) on the gravel road 
(Morrison County 20). DO NOT TURN RIGHT (west) on the main 
(paved) road, now called Todd County 2. 

Turn right into gravel pit (SE1/4, SE1/4, sec. 24, T. 127 N., 
R. 32 W). 

STOP 4. The exposure is at the far (southwest) end of the pit. 

This gravel pit exposes a complex sequence of tills and outwash (Fig. 
14). The lowest till unit is the yellowish-brown (10YR 5/4), sandy loam 
(59.6% sand, 27.7% silt, 12.7% clay) Wadena till. It is underlain and 
overlain by calcareous outwash, presumably deposited by the advancing and 
retreating Wadena lobe, respectively. Along the south edge of the pit, the 
upper outwash layer is overlain by the brown (7.5YR 4/4), sandy loam (70.4% 
sand, 23.7% silt, 5.9% clay) Pierz till. The Pierz till truncates the 
bedding in the outwash; however, little or no sand has been incorporated 
into the till. The lack of intermixing of the till and outwash suggests 
that the till was deposited by meltout, and let down onto the eroded outwash 
surface. 

Along the west wall of the pit the sequence is somewhat different. 
Above the outwash surface is a yellowish-brown (10YR 5/6), sandy loam till 
(72.0% sand, 22.7% silt, 5.3% clay), with bands of reddish-brown (5YR 4/4), 
sandy loam (53.7% sand, 36.2% silt, 10.1% clay) Superior-lobe till incorpor
ated within it. These tills are overlain by the brown (7.5YR 4/4) Pierz 
till (70.4% sand, 23.7% silt, 5.9% clay). 

In the southwest wall of the pit is yet another till. This till unit is 
finer textured (46.7% sand, 31.5% silt, 21.8% clay), lighter in color (olive 
brown 2.5Y 4/4), and occurs as an inclusion within the interbedded yellow-

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

b::J Fine-Grained till 

f1jJ Brown/Red mix 

1\1 Wadena Till 

Figure 14. Exposure at stop 4. View is to the west. The north wall 
sequence described in the text is not shown. 
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ish-brown/red till. The identity of this unit is uncertain; however, it may 
be a slightly oxidized block of the Browerville till incorporated within the 
till of a later advance. 

Along the north side of the pit a different sequence is exposed, but not 
shown on Figure 14: 2 m of silty, shale-bearing Des Moines till overlies a 
2-m-thick zone of Wadena till that includes interbeds of red till that are 
as thick as 40 cm. This red till is interpreted to have been incorporated 
into the Wadena till by the overriding Wadena lobe and is therefore of pre
Wadena age (equivalent to the incorporated red drift at stop 16). This 
interpretation is supported by the mapping of Mooers (in progress), which 
reveals that at this distance west of Lake Superior, the limit of red till 
deposited by the St. Croix-phase Superior lobe reached only as far north as 
Cold Spring, nearly 30 miles southeast from this locality. North of that 
point, as exemplified by this exposure, the brown Pierz till was deposited 
by the Superior lobe during the St. Croix phase. To complete the section, 
the basal unit exposed at this site is 4 m of outwash. 

135.8 

136.4 

141.0 

142.0 

142.5 

143.0 

144.7 

Turn left (north) at the pit entrance back onto Morrison County 
20. 

Turn left (west) onto (paved) Todd County 2. 

Intersection with County 33; continue west on County 2. 

Road turns left (south). 

Road turns right (west). 

Turn left (south) off County 2 onto gravel road. 

The pit on the east (left) side of the road at the "Y" intersec
tion with another gravel road that enters from the right (west); 
SW 1/4, SW 1/4, sec. 25, T. 127 N., R. 33 W. 

STOP 5. At this exposure, the gray, clay- and carbonate-rich Des Moines 
lobe (Grantsburg sublobe) till overlies the brown, sandy, carbonate-poor 
Pierz till, although the fine-scale interbedding present at stop 1 is not 
strongly developed here. 

146.4 

146.9 

147.4 

147.9 

149.4 

Turn around and proceed back to the north. 

Turn right (east) onto (paved) County 2. 

Turn left (north). 

Turn right (east). 

Turn left (north) onto County 33 (paved). 

Gray Eagle. Continue north straight through town (the road name 
changes to County 102). 
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151.6 Park at large gravel pit on the right (east) side of the road 
(Lady Lake is on the west). 

STOP 6. In this exposure, a maximum of 3 to 4 m of gray (Wadena?) till 
overlies about 15 m of outwash. Along the north side of the pit, a sample 
of the till taken from 1 m above the contact is composed of 40% sand, 44% 
silt, and 16% clay. Analysis of a till sample from the south wall, again 
taken from 1 m above the outwash but from a section where only a 2-m-thick 
layer of till remains after excavation, reveals 30% sand, 51.5% silt, 18.5% 
clay. The presence of scattered Cretaceous shale chips on the pit floor 
suggest that this southern till may in fact be a thin cap of Des Moines 
till, although no contact is visible in the continuous wall to the north. 
Alternatively, this may either be Browerville till or Wadena till that has 
been strongly contaminated by Browerville till (Fig. 5). 

This area is at the southern end of the so-called Swanville Spillways, 
formed by southward-flowing meltwater erosion of the inner (eastern) side of 
the St. Croix moraine (Fig. 15A) • These south-trending valleys extend 
northward about 16 miles to the latitude of Browerville. Remnants of the 
moraine occupy the valley floor and separate the individual spillway 
valleys. The lakes that prominently occupy the southern end of the valley, 
such as Lady Lake and Long Lake, probably owe their existence to the pre
sence of till deposited along the northern margin of the Grantsburg overlap, 
actually found as far north as Pillsbury, which acts to block the modern 
south-flowing surface drainage. 

Evidence suggests that the Pierz/Superior lobe was retreating from the 
St. Croix moraine slightly more rapidly than the Rainy lobe (Fig. 15B). As 
the Pierz lobe was stagnating, a series of north/south-trending meltwater 
channels developed within the ice-cored St. Croix moraine. Meltwater from 
the stagnant Pierz lobe and the active Rainy-lobe margin to the north, near 
the town of Randall, was draining southward, parallel to the trend of the 
St. Croix moraine. The southern part of these spillways was later buried by 
the advance of the Des Moines lobe, and little is known about the course of 
meltwater draining away from the St. Croix moraine. However, it is likely 
that the meltwater was forced to flow between the Alexandria moraine and the 
St. Croix ice margin toward the Twin Cities, where it would have joined the 
Mississippi River drainage. 

Meltwater from the Des Moines lobe, which overlapped part of the St. 
Croix moraine, also drained through these channels. This time, however, the 
water flowed to the north, and drained toward the Mississippi River along 
the present course of the Swan River. 

151.9 

152.4 

152.9 

Continue north on County 102. 

Turn left (west) at the north end of Lady Lake. 

Enter the Wadena drumlin field, here with a variably thick cover 
of Des Moines lobe drift and Superior lobe outwash and ablation 
till (map unit WHD-4, 5; Fig. 3). 

Turn right (north) onto Minnesota 287. 
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B. Scandia Voll ey 
Glacial-Lake Plain 

Plan loba 

Figure 15 . A, location map of the Swanville spillway region within the St . 
Croix moraine (from Mooers, in prep.). 
B, Detailed map of the upper spillway region, and postulated relationship 
of the Pierz and Rainy lobes to the origin of the spillways . 



156.9 

159.5 

160.8 

161.6 

163.4 

163.8 

165.6 

Minnesota 287 turns left, but continue straight (north) on County 
39. This will take us along the boundary of the Wadena drumlins 
to the left (west) and the younger, overlapping St. Croix moraine 
on the right (east). 

Turn left (west) on County 12. 

Turn right (due north) on paved road. 

Turn right (east) on Minnesota 27. 

Milepost 117. Pull onto the shoulder for overlook straight ahead 
(to the east) of the Swanville spillways and the remnants of the 
St. Croix moraine on the valley floor. 

Descend to the spillway floor. 

Park at a 12-m-high roadcut here (partially grown over). 

STOP 7. SE 1/4, SW 1/4, sec. 15, T. 129 N., R. 32 W. The roadcut exposes 
the following stratigraphy: 

1.5 m of Pierz (Superior lobe) till, noncalcareous, 7.5 YR 4/4, 
62% sand, 26% silt, 12% clay. 

0.3 m of brown noncalcareous sand. 

2.0 m of very stony, sandy loam, weakly calcareous till, 10 YR 

5/4 (Wadena ablation till?). 

2-3 m of strongly calcareous white sand (Wadena outwash). 

4-5 m (to the bottom of the exposure) of brown (10 YR 4/4), 
strongly calcareous, sandy-loam till (Wadena) with interbedded 
lenses of white sand. 

As has been demonstrated at stops 3-5, these relationships indicate that 
the buried Wadena drumlins account for a significant part of the total 
relief of the St. Croix moraine. The deep exposure here is the result of 
excavation of the moraine by fluvial activity when the Swanville spillways 
were formed. 

Turn around and head back west on Minnesota 27. 

173.1 Long Prairie. Turn right (north) on County 27 (paved). This 
road follows the east side of the Long Prairie River valley, which has been 
deeply incised into the drumlin-capped uplands that lie to the east and 
west. The modern valley is the result of at least two separate events. 
When the margin of the Rainy and Superior lobes stood at the St. Croix 
moraine during the St. Croix phase, meltwater escaped to the west and south 
and cut into the pre-existing Wadena drumlin-capped highland. This deep 
erosion is manifested in a series of cross sections constructed from well 
data, which show that the valley floor is nearly 200 feet below the modern 
surface. This buried floor (underlain by the pre-Wadena Browerville till) 
slopes to the south in opposition to the modern drainage direction (Figs. 16 
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and 17). A considerable thickness of magnetite-rich outwash (with no shale) 
directly overlies the floor, derived from the Rainy and Superior lobes that 
transported rocks bearing iron-rich minerals from northeastern Minnesota 
(Table 2). This cut-and-fill sequence may indicate a lake was ponded to the 
east of the St. Croix moraine, and the initial meltwater that escaped (west
ward) over the moraine dam was poor in sediment and was thus able to deeply 
erode the valley. This water continued south of the town of Long Prairie, 
eroding the valley that extends at least as far south as the linear Sauk 
Lake trough. Subsequent breaching of the porous, sandy moraine dam would 
have created the Pillager gap and allowed the entrapped sediment to be 
flushed out and transported down, and partially deposited within, the 
valley. This southward-flowing drainage was reversed when a local projec
tion of the Des Moines lobe advanced into the region from the west and south 
and formed the Osakis moraine while shedding outwash to the north and east 
out of the already formed Pillager gap. This deposited the magnetite-poor, 
shale-bearing upper outwash in the valley fill (Table 2) and resulted in the 
barbed nature of the valleys, which are tributary to the modern Long Prairie 
valley (Fig. 18). 

Note that the pattern of ice margin fluctuation behind the St. Croix 
moraine hypothesized to account for the initial portion of the cut-and-fill 
sequence in the Long Prairie valley (Figs. 7D-E) is at odds with Mooers's 
interpretation (see the discussion for stop 6 and Fig. 15) of the events 
responsible for the formation of the Swanville spillways. Mooers suggests 
th~ the Pierz lobe (Superior lobe) was in retreat while the Rainy lobe was 
still at its maximum position (Fig. 15B), while I suggest that the opposite 
was the case (Fig. 11E). The motivation behind my hypothesis was the need 
to explain the cut-and-fill described above. The lack of any remnant lake 
features in the region seriously weakens this hypothesis, although these 
could have been obscured subsequently by the extensive outwash activity in 
the area during the late stages of the St. Croix phase and the Altamont 
phase. Alternatively, if Mooers's reconstruction is correct, a unifying 
explanation might be that subsequent to the arrangment shown in Figure 15B, 
retreat of the Rainy lobe opened up a depression just north of, and lower 
than, the region at the head of the spillways. This caused meltwater first 
to pond up east of the St. Croix moraine (although in a somewhat different 
position than indicated in Fig. 7E) while spilling over it to the west, 
excavating the Long Prairie valley, and then to cut through the moraine at 
Pillager, releasing the trapped magnetite-rich outwash. In effect, the Long 
Prairie River would have captured the Swanville spillway drainage. 

176.4 

179.8 

Road turns to gravel; continue straight ahead (north). 

Park at east-west cut through a drumlin on the right (east) side 
of the road, SE 1/4, NE 1/4, SW 1/4, sec. 16, T. 130 N., R. 33 W. 

STOP 8. A large gravel pit lies beyond this cut farther east. The surface 
being excavated rises steeply to the east and is graded to the front of the 
St. Croix moraine about 2 miles away. This slope is underlain by sand and 
gravel deposited during the St. Croix phase, and thus younger than the 
drumlins, although this drumlin (at 1335 feet) stood above the surface of 
this outwash fan. However, a cap of sand and gravel 1 to 1.5 m thick and 
containing rounded cobbles of Pierre Shale is atop both the drumlin and the 
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Figure 16. A, location of cross sections shown in 16B. P, Pillager; M, 
Motley; B, Browerville, LP, Long Prairie; B, reconstructed cross sections 
of the Long Prairie valley during the St. Croix phase II. Mileages indi
cate distance south of the present-day confluence with the Crow Wing 
River near Motley (add about 18 miles (29 km) additional distance to the 
Pillager gap). Present-day river valley surface shown closely approxi
mating the Grantsburg valley train; arrows indicate the location of the 
present channel. Tick marks show location of USGS cores used to 
construct sections, with lowest core indicating approximate valley bot
tom, which is incised into the Browerville till. 
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Table 2. Stratigraphy at MPCA Test Hole #4A, Long Prairie, SE 1/4, SE 1/4, 
sec. 17, T. 129 N., R. 
33 W.) 

DEPTH (m) ELEVATION (ft) 

0-11 .8 1293-1254 

11.8-13.5 1254-1248.5 

13.5-15.5 1248.5-1242 

15.5-18.2 1242-1233 

W 

DESCRIPTION 

Gray outwash (fine to coarse sands), 
shale-bearing, with low magnetic sus
ceptibili ty «500,.,. fraction, X =3-8 x 
10-4 emu/Oe/gm) 

Gray silty clay, 2% organic content, 
13% carbonate in the <62,.,. fraction, 
contains Picea and Artemesia pollen 

Gray outwash (medium to fine sand), 
with no shale and high magnetic sus
ceptibili ty «500,.,. fraction, X =45.7 
x 10-4 emu/Oe/gm) 

Dark-gray silty loam till (Browerville 
till), 30% carbonate in the <62,.,. 
fraction; wood fragments of Abies 
balsamea and of a juvenile specimen of 
an unidentified hardwood, probably 
Acer sp. or Alnus sp., located at the 
top of the uni t 

E 
1400 

1300 

12.00 

0 .25 .50 
1100 

feet asl 

km 

Figure 17. Sketch of proposed relationships at drill-hole MPCA-4A, town of 
Long Prairie. WT = Wadena drumlin till; BT = Browerville till (or simi
lar northwestern-source till); P-AOW = Pine City phase lacustrine outwash 
of the Des Moines lobe; PLS = Pine City phase lacustrine sediments 
(between 1248 and 1254 feet above sea level); SCOW = St. Croix phase out
wash. Cross section shows modern valley of the Long Prairie River, loca
tion of the present channel, and position of the drill hole and the 
stratigraphy observed there (see Table 2). Elevation of the Wadena 
till-Browerville till contact (1280 feet) derived from the relationships 
shown on Figure 7. Maximum depth of paleo-valley incision to 1128 feet 
derived from extrapolating the valley-bottom gradient (Fig. 16), while 
the position of this point on the west side the valley is consistent with 
the alternating location of the valley bottom shown in Figure 16. 
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Figure 18. Drainage pattern of the Wadena drumlin region. The trends of 
the tributary streams reflect the fan-shaped pattern of the drumlins. 
PR=Park Rapids; W=Wadena; M=Motley; P=Pillager; BR=Brainerd; B=Brower
ville; LP=Long Prairie; RP=Round Prairie. The present Long Prairie River 
flows northward between Long Prairie and Motley (arrows), but barbed 
tributaries such as Eagle Creek at Browerville indicate a former south
ward drainage. Inset shows location of the region in Minnesota and the 
present course of the Mississippi River. 

remains of the St. Croix outwash fan east of the pit to an altitude of at 
least 1350 feet, about 100 feet lower than the crest of the Osakis moraine 
south of Long Prairie. This probably indicates that the Osakis sublobe of 
the Des Moines lobe extended farther north than Long Prairie, because it is 
unlikely that the soft shale would persist as cobble-size fragments if they 
were transported by high-energy meltwater streams the entire 10-mile 
distance from the Osakis margin. This would place the northern boundary of 
the Des Moines lobe along a southeast-trending line that extends from a 
point somewhat south of here through Pillsbury to the Upsala area, beyond 
which the high Wadena drumlins in the Darling drumlin area prevented any 
further advance. 
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Beneath the Des Moines outwash, the drumlin surface is marked by a dis
continuous boulder line, in which the coarse particles are in contact with 
each other. This feature is present throughout the drumlin field and may be 
correlative to the boulder pavement atop the Granite Falls till recognized 
by Matsch (1972) in southwestern Minnesota. Beneath this line, the nature 
of the Wadena till becomes more "northwestern" systematically with depth 
(Fig. 19), in much the same manner as it varies horizontally on a regional 
scale (Fig. 5). This was a critical site in the recognition that the Wadena 
till derives much of its character as the result of grain-by-grain mixing 
with the underlying Browerville till, possibly by a diffusion process 
through repeated cycles of erosion and deposition at the bed of the Wadena 
lobe. The dark till exposed at the road level here (7.5 m below the drumlin 
surface) may be the Browerville till, which is so fine grained that it acts 
as an aquitard and prevents itelf from being oxidized, but causes gleying in 
the sandier Wadena till up to 1 m above the contact. 
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Figure 19. Vertical profiles of sedimentological parameters at stop 8, 1.8 
miles south of Browerville. 

181.2 

182.2 

Turn around, go back to the south. 

Turn right (west) on County 90. 

Turn left (south) on U.S. 71 along the modern floor of the Long 
Prairie River valley. 

188.2 Turn right (northwest) on Todd County 38. The northwest trend of 
this section of the Long Prairie River reflects its original integration 
with the main (north-south) portion during the St. Croix phase, when the 
regional drainage was to the south. In addition to the evidence discussed 

30 



earlier for regional drainage reversal, the establishment of northward 
drainage during the Pine City-Altamont phases of the Des Moines lobe was 
also manifested by headward erosion by the older tributaries in a reversed 
direction--that is, extension of their valleys in the new upstream direc
tion, to the southwest. Examples include the portion of the Long Prairie 
valley upstream from Clotho, that of Eagle Creek upstream from Eagle Bend, 
the upstream portion of Moran Creek, and much farther to the north, the por
tion of the Leaf River above its confluence with the Redeye River (Fig. 18). 

193.1 Turn left (south) on County 11, climbing back up onto the drum
lin-capped highland. The drumlins markedly fan apart and become more oval 
in shape to the south. By analogy with other drumlin fields, Wright (1962) 
used these characteristics to infer the proximity of the margin of the 
drumlin field (however, see the discussion below on an alternative explana
tion for their oval shape). 

199.6 Park at the crest of the Lake Osakis moraine, halfway along the 
east-west segment of the road (between the two bends in the 
road) • 

STOP 9. This moraine (unit DPE on Fig. 3) extends from Long Prairie on the 
east to Lake Le Homme Dieu on the west (north of Alexandria), and is concave 
to the north in plan view, suggesting formation by an ice lobe that flowed 
southward. However, the ground surface north of the moraine averages about 
50-75 feet higher in elevation than that to the south. Furthermore, the 
surface material in the Osakis till plain south of the moraine is Des Moines 
till that thickens southward, whereas the Des Moines till thins to the north 
and disappears within a mile. North of this point the surface is drumlin
ized Wadena till. The moraine itself is composed of interbedded Des Moines 
and Wadena tills. These relationships are interpreted to reflect the for
mation of the moraine by advance of a northward projection of the Des Moines 
lobe from the southwest, the Osakis sublobe, whose deposits were seen as far 
north as stop 8 near Browerville. Despite the moraine form suggesting flow 
from the north, the higher terrain to the north prevented further advance 
of the ice in that direction (Fig. 6), although the clay-rich till extends 
beyond the main moraine ridge wi thin the inter-drumlin lows, probably de
posited as flowtill. This cover may account for the oval shape of the 
drumlins that lie immediately to the north of the moraine (WHD-4 unit on 
Fig. 3). The till interbeds in the moraine itself are similar to the 
features seen at stop 1, and are characteristic of the subglacial shearing 
effected by the Des Moines lobe where it was subjected to high vertical 
strain because its margin was forced up an adverse slope. The strong 
topographic expression of this moraine undoubtedly owes its existence to 
this till "stacking," in contrast to the indistinct character of the Des 
Moines margin elsewhere, where instead the till appears to pinch out grad
ually. 

Continue south on County 11, descending onto the Osakis till 
plain. 

200.8 Turn right (west) on Minnesota 27. Within a mile or two south of 
the moraine, Wadena till is present 2-3 m from the surface, but the Des 
Moines till cover thickens farther south; 8 miles south of here the Wadena 
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till is exposed along the shores of the deep Sauk Lake trench; beyond that, 
it does not appear in outcrop until it is exposed 35 miles south of here 
along the valley walls of the North Fork of the Crow River between Regal and 
Paynesville. It is also present throughout the Alexandria moraine north of 
Willmar and as far east as south of St. Paul. An equivalent or similar 
till, the Granite Falls till, is exposed even farther south along the 
Minnesota River Valley (Table 1; Matsch, 1972). Except for a weakly devel
oped north-south topographic grain immediately south of the Osakis moraine 
(see the Round Prairie, Sauk Lake, and West Union quadrangles), it cannot be 
determined if any of these deposits represent an extension of the drumlin 
field far to the south, because they lack surface expression. 

210.0 

220.0 

221.0 

Osakis. Continue west on Minnesota 27-U.S. 52. 

Des Moines lobe outwash plain graded to the Alexandria moraine on 
the west. 

Alexandria. End of day 1. 

Day 2 - Set mileage to 0.0 at intersection of Minnesota Highways 27 and 29. 

0.0 

3.2 

Go north on Minnesota 29; Des Moines outwash plain. 

Crossing the westernmost edge of the Osakis moraine (units DPE 
and DPS on Fig. 3, which includes both the moraine ridge and 
broader "stagnation" topography to the north). 

6.0 Des Moines outwash plain. 

7.5 Toe of the Alexandria moraine. The broad gentle slopes of the 
terrain to the left (west) are typical of this moraine complex; 
probably they are the result of extensive redistribution by 
mudflows of the clay-rich Des Moines till. 

10.1 Turn left (west) on Douglas County 5. 

10.3 STOP 10. Small (2 m high) gravel pit on right (north) side of 
the road. This will be a brief stop to examine once again the field char
acterisitics of the Des Moines till. 

10.5 

17.3 

19.5 

20.8 

Turn around on County 5 and head back to the east. 

Turn left (north) onto Minnesota 29. 

Des Moines outwash plain. 

Parkers Prairie. Turn left (west) onto Minnesota 235. 

Alexandria moraine. We will be staying on the moraine for the 
next few miles; note once again the distinctive broad slopes. 
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23.8 

25.5 

29.5 

30.5 

Turn right (north) onto the gravel road (Otter Tail County 129). 

Continue straight (north); the road becomes paved County 65. 

Des Moines outwash. 

Wadena lobe moraine (WHE unit on Fig. 3). The topography is 
characterized by short, steep slopes that differ markedly from 
the more "open" landscape of the Alexandria moraine. The surface 
material in this area is the Wadena till. From the rugged 
topography and position near the margin of the drumlin field, the 
Wadena is interpreted to be an end moraine formed during the 
drumlin-forming Hewitt phase (WHE). Alternatively, it may have 
formed during retreat and should instead be termed a "stagnation" 
ground moraine (WHS) , although areas that are thus marked on 
Figure 3 tend to be wi thin the margin of the drumlin field and 
have more subdued topography. 

34.2 STOP 11. Gravel piton the right (east) side of the road (SW 
1/4, NE 1/4, sec. 3, T. 132 N., R. 38 W.). This exposure is typical of the 
internal structure of the Hewitt-phase end moraine, with a variably thick 
cap of Wadena till resting atop outwash. 

34.7 

36.4 

38.2 

42.2 

51.0 

52.4 

53.4 

54.4 

55.0 

Continue north on County 65. 

Des Moines outwash. 

Turn right (east) on Minnesota 210. 

Wadena drumlins capped by Hewitt-phase stagnation ground moraine 
(WHD-3 unit on Fig. 3). The northeast-southwest trend of the 
drumlins is detectable beneath the thin, topographically subdued 
mantle of the ground moraine. 

Des Moines outwash. 

Wadena drumlins (WHD unit on Fig. 3). 

Turn right (south) onto gravel road (boundary between sections 20 
and 21). 

Turn left (east); now crossing the Wing River-Des Moines outwash 
valley train (graded to the Alexandria moraine to the west). 

Turn right (south). 

Park at the gate on the left (east) side of the road, and walk 
0.1 mile eastward along the track to a pit on the west side of 
the drumlin, SW 1/4, NW 1/4, sec. 27, T. 133 N., R. 35 W. 
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STOP 12. Here 1.5 m of Wadena till is separated by a sharp contact from 
underlying well-sorted, medium-grained, bedded sand. On the western side of 
the exposure, however, laterally discontinuous beds of the Browerville till, 
0.25-1.5 m thick, have been incorporated into the base of the Wadena till. 
This mixing has also occurred on a grain-by-grain scale: 5 cm above the top 
of the Browerville till, the Wadena till has 43% sand, 37% silt, 20% clay; 
65 cm above the contact, the distribution is 58%-25%-17%. 

Turn around and go back to the north. Along the route to the 
next stop, we will remain in Des Moines outwash that is part of the Leaf 
Ri ver valley train, which is composed of at least two terraces. In this 
vicini ty the high level is recognizable only as backfill in the low areas 
between drumlins; it occurs at elevations as high as 1410 feet and at least 
as far as Bertha, 15 miles south of the modern Leaf River channel. The 
lower terrace slopes from 1390 to 1360 feet. It is a broad feature entire
ly contained within the modern valley. 

55.6 

56.0 

56.7 

59.4 

60.2 

Turn right (east). 

Turn left (north) on u.S. 71. 

Hewitt. 

Mt. Nebo is to the right (east), a Hewitt-phase (Wadena lobe) 
kame (unit WHS, Fig. 3). The gravel pit visible from the highway 
exposes bedded sands and gravels that dip radially outward from 
the center of the hill, reflecting its ice-collapse origin. 

Descending to the outer margin of the second Des Moines outwash 
terrace at 1390 feet. 

65.1 Wadena. Turn left (west) on u.S. 10. 

67.5 

68.1 

69.0 

69.1 

Turn right (north) on Otter Tail County 75. 

Descend about 60 feet to the modern Leaf River floodplain at 1300 
feet. 

Ascend onto the drumlin field. 

Park at the gravel pit cut into a drumlin on the right (east) 
side of the road, SW 1/4, NW 1/4, sec. 25, T. 135 N., R. 36 W. 

STOP 13. Here 10-15 m of Wadena till overlies a yellow, carbonate-bearing, 
horizontally bedded sand unit (Fig. 20). The relationship is similar to 
that at stop 12--the contact is sharp, and there is no indication of incor
poration of the sand into the till. Just above this contact are two units 
interbedded with the till: a pink trough cross-bedded sand (containing 
carbonate), which is in contact with an overlying mixed pink sand-till unit 
(Fig. 20). This sequence is thought to represent the action of subglacial 
or englacial meltwater that first deposited outwash in an open cavity (pink 
sand), and later washed till out of the base of the ice as the cavity closed 
down. This latter stage is represented by the mixed sand-till (IZ) unit, 
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Figure 20. Field sketches of exposure at stop 13, 1.8 miles northwest of 
Wadena. F1-F9 refer to pebble fabric sites; A-H refer to sites sampled 
for sedimentological analyses. IZ is an interbedded zone of pink outwash 
and Wadena till; PTS is pink trough-cross-bedded sand; YHS is yellow 
(oxidized) horizontally bedded sand and gravel. Wadena drumlin till 
comprises the rest of the exposure above the bottom of the pit. 

and is particularly well manifested in the coarse-grained, loose nature of 
the till within and just above the mixed unit (samples A, C, D). This 
"washed" facies contrasts markedly with the till throughout the rest of the 
exposure, which is finer grained and more compact. 

79.5 

80.0 

84.0 

85.0 

87.0 

87.8 

Continue north on County 75. 

County 75 turns left (west). 

County 75 turns right (north). 

Turn right (east) on County 70. 

Wadena County line; continue east on road now called Wadena 
County 13. 

Turn left (north) on gravel road. 

Turn right (east) off the road into the large gravel pit, NW 1/4, 
sec. 9, T. 137 N., R. 35 W. 
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STOP 14. The cut in a drumlin at the southeast end of the pit about 1/4 
mile from the entrance exposes 1.5 to 2 m of Wadena till that contains thin, 
laterally discontinuous stringers of Browerville till. The soil formed on 
the till is characterized by a B horizon whose lower boundary in places 
penetrates an additional 0.5 m or more into the unleached till below. This 
"tonguing" is a common feature in soils formed on the acid, sandy tills of 
the northern drumlin district. Beneath the till is 10 m of calcareous out
wash. This situation is typical of the relationship at many of the drumlin 
exposures in the Wadena field--the material in the core of the drumlin (here 
the sand unit) constitutes the majority of the relief of the drumlin. 

88.3 

89.1 

90.1 

94.2 

97.9 

101.7 

104.2 

104.7 

109.2 

115.7 

116.2 

117.6 

Turn left (south) out of the gravel pit entrance. 

Turn left (east) on County 13. 

Turn right (south) on u.s. 71. 

Sebeka. Turn left (east) on Minnesota 227. 

Descend to the Redeye River, which lies along the southwestern 
margin of a large outwash plain (unit WIO, Fig. 3). This plain 
is graded to the St. Croix phase Itasca moraine (Wadena lobe) to 
the north and heads at Park Rapids; it was formed by meltwater 
draining southward and, ultimately, down the Long Prairie River 
valley. To the east, this plain merges with outwash, termed the 
Oshawa outwash plain by Norton (1982), which is graded to the St. 
Croix moraine (Rainy lobe) still farther east. 

Ascend to the drumlin upland, in this district partially covered 
by the Oshawa outwash (unit WHD-2, Fig. 3). 

Nimrod. Road turns left (north-northeast). 

Road curves slightly to the right (due east), and becomes County 
12. 

Road becomes Cass County 20. 

Turn right (south) on Minnesota 64. 

Turn left (east) on gravel state forest road. 

Go to the far right-hand side (southeast corner) of the gravel 
pit. 

STOP 15. The Oshawa outwash plain was deposited in front of the St. Croix 
moraine by meltwater issuing from the Rainy lobe at its terminus. 
Apparently little or no ice was buried by the outwash sediments, because the 
surface has very little relief. The previously deposited Wadena drumlins 
are buried by the outwash plain for only a short distance from the head of 
the outwash plain. In some areas the drumlins are discernable only 100 m 
downslope from the head (Fig. 21). 

36 



Figure 21. Part of the Spider Lake quadrangle. Stop 15 occupies the fosse 
between the St. Croix moraine to the east and the proximal ridge immedi
ately to the west. Note that the outwash plain that slopes westward 
from the moraine buries only the eastern side of the northeast-southwest 
trending Wadena drumlins. 
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This outwash was ascribed by Leverett (1932) to deposition within 
Glacial Lake Wadena, which was thought to have formed when the regional sur
face drainage was blocked by the St. Croix phase Rainy lobe on the east, 
with elevation controlled by a pass south of Long Prairie at 1350 feet. 
That pass is now known to have been formed by the Des Moines lobe after that 
ice lobe retreated from the Osakis moraine, and after the opening of the 
lower Pillager gap. Therefore it could not have determined the southern 
boundary of a lake that also extended north of the Pillager gap. There is 
evidence in the form of lacustrine sediments at 1250 feet (Fig. 17; Table 2) 
for the presence of a lake ponded within the Long Prairie valley north of 
the Osakis moraine, but it formed before the drainage reversal to the north 
was completed and apparently did not extend north of Browerville. The 
repeated pattern of only partial burial of the drumlins on their eastern 
side by the sand also argues for the origin of the sand as part of a 
westward-sloping outwash plain, rather than as part of a blanket formed 
along a lake bottom. 

An interesting feature of the Oshawa plain is the abrupt ridge at its 
proximal margin, which can be traced almost continuously along the length of 
the plain, parallel to the St. Croix moraine. The ridge is asymmetric in 
cross section, being steeper on the moraine-facing eastern side. It aver
ages 150 m in width and 10 to 20 m in height. A broad low area, or fosse, 
lies between the ridge and the moraine. Scott (1921) defined a fosse as "A 
long narrow depression that is sometimes found between a moraine and an out
wash plain. It is a remnant of ground moraine upon which the ice stood when 
the outwash was being formed." 

Formation of the fosse and ridge at the head of the outwash plain is 
probably linked to the presence of a zone of stagnant ice at the toe of the 
glacier (Fig. 22). Melting of debris-poor stagnant ice at the toe of a 
glacier results in a trough bordered by thicker accumulations of outwash 
sediments on one side and morainic sediments on the other side. 

It is possible that the ridge is a "push moraine" 
readvance of Rainy lobe ice. However, field examination 
ridge reveal it to be composed of undisturbed layers 
gravel inter layered with pebble- and cobble-rich beds. 
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Figure 22. Development of outwash plain ice-contact landforms. 



tion of three channel samples of Oshawa ridge sediments average (by weight), 
38% greater than 2 mm, 53% and, 5% silt, and 4% clay. The sorting coef
ficient average is 2.95, skewness is 0.03, and kurtosis, 0.90. 

This gravel pit is located approximately 200 m downslope from the ridge 
crest. Boulders as long as 2 m are common along the top of the ridge. 

119.0 

122.0 

123.5 

Turn around and go back west to Minnesota 64. 

Turn right (north) on Minnesota 64. On the left (west) the out
wash surface has been modified by eolian activity into northwest
southeast trending dunes (Fig. 23). 

Turn right (east) on County 2. 

Western boundary of the St. Croix moraine (Rainy lobe), marked by 
the proximal ridge viewed at stop 15. 
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Figure 23. Outline of dune topography developed on Oshawa outwash plain. 
Traced from ASCS aerial photographs BXU-2-115, 116 and 117 (1939). 
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123.7-124.0 Crossing the fosse between the proximal ridge and the moraine 
proper. 

126.6 

130.0 

136.0 

136.4 

137.4 

139.2 

Descend the eastern (inner) side of the moraine onto Wadena drum
lins with a variable cover of Rainy lobe till and outwash (unit 
WHD-2, Fig. 4). 

St. Croix phase outwash derived from both the Wadena and the 
Rainy lobes to the north and northeast (WIO-RSO map unit, Fig. 
3) • 

Pine River. Turn right (southeast) onto Minnesota 371. 

Turn right (south) on County 1. 

Wadena drumlin district with variable cover of Rainy lobe depos
its (map unit WHD-2, Fig. 3). 

Park at large gravel piton the right (west) side of the road, 
SE 1/4, SE 1/4, sec. 13, T. 137 N., R. 30 W. 

STOP 16. The exposure here exemplifies the relationships typical of this 
(WHD-2) map unit (Fig. 24 and Table 3). Most of the relief of the exposure 
is a Wadena drumlin, which is capped by brown St. Croix phase Rainy lobe 
till. A well-developed stone line marks the upper limit of the drumlin 
till. The till of the drumlin can be subdivided into an upper massive unit 
(above the solid line on Fig. 24), which contains a few scattered interbeds 
of red till; and a lower unit, in which the two tills are intermixed on a 
fine scale and which also contains lenses of calcareous sand. The red till 
and the underlying noncalcareous red outwash were the result of an advance 
by an ice lobe from the northeast prior to the advance of the lobe that 
created the drumlin. Once again, there is clear evidence for incorporation 
of the local substrate into the drumlin till. Pebble fabrics indicate that 
the ice flow that formed the drumlin also was from the northeast, and that 
the incorporated blocks of red till were variably reoriented by this event. 

Drift from both a northeastern source and a northwestern source under
lies the till and outwash of the Wadena drumlins. Because of a high rate of 
incorporation of these underlying materials into the Wadena-drumlin ice, the 
nature of its till varies markedly across the drumlin field in response to 
the patchwork distribution of these older drifts. By correlation with 
sequences admittedly far to the west, south, and southeast, these two drifts 
have been assigned a place in a tentative stratigraphic framework for 
central Minnesota (Table 1). If this is correct, then the red drift must at 
one time have been atop the Browerville till across the entire drumlin field 
region, but because of its topographically high position (Fig. 6), the red 
drift was stripped off by erosion prior to the advance by the Wadena lobe. 

Turn right (south) out of the pit back onto County 1. 

158.8 St. Croix moraine (Rainy lobe). 

161.8 Turn right (west) on County 34. 
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Figure 24. Lower hemisphere stereoplot of stone long axes at stop 16, 3 
miles south of Pine River. Dashed line is a stone line separating Rainy 
till of the St. Croix moraine (above) from Wadena drumlin till (below). 
The thin solid line beneath that marks the upper limit of intermixed 
Wadena till and older red till. Sub-horizontal lenses in the lower unit 
are well-sorted calcareous sand; units to the far right and left are 
(subjacent) coarse red outwash. On the stereograms, the dots are Wadena 
till, the XIS red drift, and arrows show the trend of the drumlin. View 
to the west-northwest; vertical exaggeration 2x. 

Table 3. Stratigraphy at stop 16, 3 miles south of Pine River (SE 1/4, 
SE 1/4, SE 1/4, sec. 13, T. 137 N., R. 30 W.). 

Height above 
base (m) Lithology 

16-18 Brown, sandy, weakly calcareous Rainy lobe till 

15-16 Boulder line; boulders in contact within sandy 
matrix 

12-15 

0-12 

0-3 

Gray, sandy, moderately calcareous Wadena and red till (Sample 
83-4a) 

Interbedded and inter laminated Wadena and red tills; red till 
(Sample 83-4-F2) has lithology of underlying red outwash 
including felsite, red granite, gabbro, and is sandy and weakly 
calcareous; entire unit includes lenses of calcareous, well
sorted, medium-grained sandy outwash as much as several meters 
wide and thick 

Red sand, and well-rounded boulders as large as 1.5 m in 
diameter with northeastern lithologies; sands are noncalcareous 



162= 3 Wadena dr~ulin field. 

167.4 Roadcut on right (north) side of the road. 

STOP 17. This exposure is typical of the Wadena drumlin till in the north
eastern part of the field. The sandy nature and low carbonate content 
result in a great depth of leaching (here, about 4.5 m; see Fig. 5), which 
led to the hypothesis that either a younger "till cap" existed in this 
region or that "pure" Wadena till was contaminated by lateral mixing with 
brown till from a contemporaneous version of the Rainy lobe (Wright, 1962). 
Al though the proposed mechanisms for mixing are different, both the old 
hypothesis and this field trip's hypothesis recognize the effects of 
progressive contamination. 

169.1 

171.0 

172.9 

174.9 

178.9 

180.7 

Continue east on County 34. 

Turn left (south) on Minnesota 64. 

Crow Wing River valley, with Des Moines outwash at the surface 
(unit DAO, Fig. 3). The gap in the St. Croix moraine from here 
eastward to Pillager was first occupied by west-flowing meltwater 
draining off the St. Croix phase Superior and Rainy lobes. West 
of the moraine, these waters merged with those draining southward 
from the Itasca moraine (Wadena lobe) and passed down the Long 
Prairie River valley. When the drainage in the drumlin field 
region was reversed during the Pine City and Altamont phases of 
the Des Moines lobe, the modern eastward drainage through the 
Pillager gap was created. 

Turn left (east) onto Minnesota 210. 

Wadena drumlins, composed of deeply leached (as deep as 8 m) 
Wadena till. 

Crow Wing River valley train. 

Pillager. Turn right (south) on Cass County 1. 

182.0 Cross the Crow Wing River; the road becomes Morrison County 6. 

183.9 St. Croix moraine (unit RSE-SSE, Fig. 3). 

184.6 STOP 18. Pullover to the side of the road for a view to the 
north of the Pillager gap, and the continuation of the St. Croix moraine 
highland in the distance beyond that. 

186.6 

189.6 

Continue to the south on County 6. For a more detailed map and 
report on the area from here south to Little Falls, see Schneider 
(1 961 ) • 

Scandia valley lake plain. This area lies at the head of a small 
outwash plain (unit RSO-SSO, Fig. 3) that merged with the 
southward-flowing Long Prairie River during the St. Croix phase. 

Turn right (west) onto County 3. 
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196.8 

197.7 

199.0 

199.2 

Lincoln. Turn left (south) onto u.s. 10. 

St. Croix moraine. 

Turn left (east) onto gravel road that runs along the south shore 
of Fish Trap Lake. 

Stop at 6-m-thick road cut on the right (south) side of the road, 
SW 1/4, SW 1/4, sec. 32, T. 132 N., R. 31 W. 

STOP 19. "Buzzard's Roost" site. Two tills are exposed in the roadcut. 
The older unit is olive-brown (2.5Y 4/4) sandy loam (63.9% sand, 26.7% silt, 
9.4% clay), deposited by the Wadena lobe. The younger till is a dark
yellowish-brown (10YR 4/4), sandy loam (74.2% sand, 16.3% silt, 9.5% clay), 
deposited by the Rainy lobe, while the ice margin was located 1 or 2 km to 
the west. The two tills are complexly interbedded. In the lower 4-5 m of 
the exposure the tills have been intensely folded. However, in the upper 1 
m of the sequence, the two tills are conformable and horizontally interbedded 
(as thick as 10 cm) and inter laminated (as thin as 2 rom), and each till bed 
can be traced horizontally for at least 10m. The interbedding is inter
preted to have formed by freezing-on of sediment at the base of the ice, in 
a near-marginal position. The folded sequence was probably deformed sub
glacially or within the lowest layers of debris-laden ice at the bed. The 
horizontally laminated upper part of the sequence probably represents thin 
debris bands in the ice that were deposited by meltout. 

To the east on the south shore of Lake Alexandria near Cushing Landing, 
a roadcut exposes approximately 20 m of glacial drift. In the upper part of 
the exposure, Rainy lobe till overlies till deposited by the Wadena lobe. 
Both are collapsed and dip at the same angle. Evidence from this site, as 
well as similar occurrences throughout the St. Croix moraine, suggests that 
stagnant Wadena lobe ice may have been present when the Rainy lobe advanced 
into this area from the east. If so, then some of the interbedded deposits 
in the area could have resulted from the reactivation of stagnant ice blocks 
by the later advance. 

199.4 

201.4 

205.4 

217.0 

219.0 

259.0 

Turn around and return to U.S. 10. 

Left (south) on U.S. 10. 

The broad, open terrain that lies to the right (south) for the 
next few miles lies at the head of the Swanville spillway region, 
which begins to exhibit its more characteristic channelized 
topography about 8 miles farther to the south (Fig. 15). 

Drumlinized Rainy and Superior lobe till. 

Altamont-age Mississippi River valley train (unit DAO, Fig. 3). 

Cross the Mississippi River at Little Falls. 

According to Leverett and Sardeson (1932), the approximate loca
tion where the northern margin of the Grantsburg sublobe (Des 
Moines lobe) overlapped the St. Croix moraine. 
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272.0 Big Lake. Turn right (southwest) onto Minnesota 25. 

274.0 Mississippi River. 

275.0 Monticello. Go east on I-94. 

277.0 St. Croix moraine. 

287.0 Mississippi River valley outwash. 

288.0 st. Croix moraine. 

300.0 Intersection with I-494i continue east on I-94. 

303.1 Descend to the Mississippi River valley train. 

307.9 Continue east on I-694. 

308.9 St. Croix moraine. 

311.9-313.4 "Sag" in the moraine occupied by the Anoka Sand Plain. 

317.7-319.2 Same as above. 

318.7 Go south on I-35E. 

321.5 Approximate easternmost position of the Grantsburg overlap of the 
St. Croix moraine. 

324.5 12th St. exit, downtown St. Paul. (The 2-day trip total is 545.5 
miles. ) 
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INTRODUCTION 

The area to be visited on this field trip is characterized by small, 
widely spaced outcrops of Cretaceous rocks. When we stand on one of these 
outcrops, it is important to understand how it relates to the buried 
Cretaceous record and to the surficial glacial features. Subsurface studies 
show that the Cretaceous is generally thin, relatively continuous, and 
overlies Precambrian crystalline rocks. Lateral thickness and facies 
variations within the Cretaceous appear to be related to basement con
figuration. Thick glacial sediments blanket Cretaceous and Precambrian 
rocks throughout the area. This guidebook briefly describes major glacial 
features traversed in the road log. However, the primary purpose of this 
report is to describe Cretaceous outcrops and to discuss the regional 
geology which will establish the geologic significance of these scattered 
exposures. 

The field trip will concentrate on outcrops in the vicinity of Lake 
Traverse on the South Dakota-Minnesota border near the cities of Browns 
Valley, Minnesota, and Milbank, South Dakota. The regional area under 
discussion is located in eastern South Dakota and western Minnesota and con
sists of four component areas. This report is a synthesis of the work of 
several geologists working in each component area: Hammond on Sioux ridge, 
Shurr in central Minnesota, Setterholm in southwestern Minnesota, and 
Gilbertson, Shurr, and Whelan on the Minnesota/South Dakota border (Fig. 1). 

In 1981 a field trip and symposium devoted to Cretaceous studies was 
held in conjunction with the north-central sectional meeting of GSA held at 
Ames, Iowa. This guidebook is generally an outgrowth of those acti vi ties 
and an update on subsequent work. A useful synthesis of regional stra
tigraphy and sedimentology has recently been published by Witzke and others 
(1983). Biostratigraphic relationships have been documented by Cobban and 
Merewether (1983). A unique siliceous, nearshore facies, the Split Rock 
Creek Formation, has been described in eastern South Dakota by Hammond and 
Ludvigson (1985). The stratigraphy of the Niobrara Formation has been 
characterized in eastern North and South Dakota (Reiskind, 1983; Shurr and 
Reiskind, 1984). Much new subsurface information has been generated in the 
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past several years by the geological surveys of South Dakota and Minnesota, 
whose drilling activity is largely the result of interest in natural re
sources found in Cretaceous rocks. Ground-water investigations have been 
carried out by the u.S. Geological Survey (Soukup, 1980) and by the South 
Dakota Geological Survey as a part of its ongoing municipal and county 
studies (for example, lIes, 1984). The recent suggestion that manganese 
resources may be present in Cretaceous rocks deposited on the eastern margin 
of the Western Interior Seaway (Cannon and Force, 1983) has focused atten
tion on the area. Shallow biogenic gas resources may also be present in the 
Cretaceous of the eastern margin (Shurr and Rice, in press). 

We are grateful for the suggestions and encouragement of James B. Van 
Alstine of the University of Minnesota at Morris, Gregory A. Ludvigson of 
the Iowa Geological Survey, and Richard F. Bretz, formerly of the South 
Dakota Geological Survey. Their help was invaluable in the early stages of 
our work. Janice Maslonkowski typed the manuscript and figures were pre
pared by the Cartographic Center at St. Cloud State University. Finally, we 
gratefully acknowledge the assistance of Wes Olson who is a lifelong resi
dent of the field trip area. His interest in and knowledge of local geology 
greatly aided our investigations. 
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Figure 1. Location map showing the regional area and the four component 
areas described in this guidebook: Sioux ridge in Lake and Moody 
Counties, South Dakota (1 and 2); central Minnesota in Stearns County 
(3); southwestern Minnesota in Rock, Nobles, Pipestone, Murray, Lincoln, 
Lyon, and Yellow Medicine Counties (4 through 10); and the Minnesota/ 
South Dakota border in Traverse, Big Stone, Roberts, and Grant Counties 
(11 through 1 4) • 
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GEOLOGIC SETTING 

Before describing Cretaceous rocks in the field trip region, in the four 
component areas, and at the field trip localities, we will briefly examine 
the geologic setting of eastern South Dakota and western Minnesota. The 
stratigraphic and tectonic setting of the Western Interior Seaway is the 
subject of an extensive literature. Most of this published work focuses on 
the central and western portions of the seaway and has produced fairly 
detailed paleogeographic reconstructions. In addition, this work has 
resulted in much speculation on the relative importance of eustatic and tec
tonic controls on sedimentation. 

In contrast, Cretaceous rocks on the eastern margin of the seaway are 
known in less detail and published reports are relatively recent. For 
example, the Cretaceous record on the eastern margin is much more completely 
preserved than is generally recognized. One of the primary objectives of 
this guidebook is to demonstrate that the few outcrops visited on the field 
trip provide an important perspective on the thin, but reasonably continuous 
Cretaceous record. An improved understanding of the stratigraphy in eastern 
South Dakota and western Minnesota may well provide important constraints on 
eustatic and tectonic models proposed from studies done to the west in the 
Great Plains and Rocky Mountains. 

Stratigraphic Setting 

Cretaceous rocks in the field trip region are located on the thin, 
distal edge of a great wedge of sedimentary rocks (Fig. 2). The wedge thins 
and becomes more fine grained from west to east. Although the wedge is 
dominated by marine facies, nonmarine rocks are important components on the 
west and east and at the bottom and top. This total wedge is conventionally 
interpreted to be the result of the widespread marine incursion onto the 
western margin of the North American craton during the Cretaceous Period. 

Facies tracts of nonmarine rocks, coastal or shelf sandstones, marine 
shale, and marine carbonate rocks shifted back and forth across the Western 
Interior Seaway to produce a cyclic record of successive transgressions and 
subsequent regressive progradations. A series of at least five cycles are 
embedded in the total wedge of sediments. These cycles take their names 
from formations marking times of maximum transgression (Kauffman, 1977) : 
(1) Skull Creek; (2) Greenhorn; (3) Niobrara; (4) Claggett; (5) Bearpaw 
(Fig. 2). The total wedge is thought to be equivalent to the first-order, 
global Mesozoic, eustatic cycle of Vail and others (1977), and the five 
cycles are correlated with third-order cycles of Vail and others (1977) 
(Kauffman, 1985). Al though the cyclic aspect of Cretaceous deposition is 
widely recognized, definitions of specific cycles vary among geographic 
areas and among authors. For example, McNeil (1984) identifies only two 
maj or cycles in southwestern Manitoba, and the four cycles described by 
Weimer (1960) in the western United States do not correspond exactly with 
the five cycles of Kauffman (1977). 

Stratigraphic units on the eastern edge of the total wedge are mainly 
components of the Skull Creek, Greenhorn, and Niobrara depositional cycles. 
These cycles record depositional environments on the eastern margin of the 
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seaway where facies characteristic of open marine conditions grade into 
facies of marginal marine and nonmarine environments. The configuration of 
the sub-Cretaceous unconformity was suggested several decades ago (Sloan, 
1964) to be a primary control on thickness and facies patterns in Cretaceous 
uni ts. More recently, indi vidual facies tracts along the eastern margin 
have been delineated within several individual formations (Witzke and 
others, 1983). The presence of these facies changes has complicated 
lithostratigraphic correlation with the classic marine formations of the 
Western Interior. However, an expanded data base of geophysical well logs 
has greatly assisted lithostratigraphic correlations from west to east, and 
biostratigraphic studies of megafossils collected in outcrop have generally 
supported the subsurface correlation work. 

Early biostratigraphic studies readily established that the majority of 
Cretaceous rocks in the field trip region are Upper Cretaceous (for a sum
mary, see Sloan, 1964). However, detailed zonation based primarily on 
molluscan fossils has only recently documented correlation with Western 
Interior fossil zones (Cobban and Merewether, 1983). Zonation demonstrates 
the presence of Cenomanian through Santonian Stages; Albian and Campanian 
Stages are implied by regional lithostratigraphic correlations (Fig. 2). 

Tectonic Setting 

The region of the field trip is located in the eastern part of the 
Transcontinental Arch where it merges with the Canadian Shield. The 
Transcontinental Arch is a northeast-trending paleotectonic feature which 
generally separates the Williston basin to the northwest in the Dakotas from 
a series of small basins to the southeast in Iowa and Minnesota including 
the Forest City basin and Hollandale embayment. The arch and adjoining 
basins have had expression throughout the Paleozoic and recent studies have 
demonstrated that the arch was a paleotectonic feature during the Cretaceous 
(Weimer, 1978; Shurr, 1984). 

Cretaceous paleotectonism varied considerably from west to east within 
the seaway. A series of four tectonic zones have been named by McNeil and 
Caldwell (1981) by modifying tectonic provinces originally proposed by 
Kauffman (1977). These zones are: western foredeep, west-median trough, 
east-median hinge, and eastern platform. The eastern portion of the 
Transcontinental Arch, including the region of the field trip, was located 
on the eastern platform. 

In each of the four tectonic zones and on the Transcontinental Arch, 
Cretaceous paleotectonism has been demonstrated to be controlled by tec
tonism on discrete basement blocks (Shurr and Rice, in press). The mosaic 
of Cretaceous depositional patterns in South Dakota corresponds with blocks 
of distinctive Precambrian geology (Shurr, 1981a). Many of these blocks are 
separated by faults which acted as paleotectonic hinge lines reactivated at 
several times during the Cretaceous (Shurr, 1978). It has been suggested 
that the Sioux ridge, which is the highest part of the Transcontinental Arch 
in eastern South Dakota and southwestern Minnesota, is a fault-bounded base
ment block (Shurr, 1981b). Thickness and structure contour maps indicate 
that blocks around the Sioux ridge were affected by Cretaceous and post
Cretaceous tectonism (Cobban and Merewether, 1 983; Bunker and others, in 
press) • 
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The relationship between Precambrian basement blocks and the surface on 
which Cretaceous rocks were deposited is illustrated by a map showing 
sub-Cretaceous configuration and faults in the Precambrian basement (Fig. 
3). The configuration map is generalized and modified from Shurr (1981b), 
principally in northwestern Iowa, by the work of Ludvigson and Bunker 
(1979). In addition, more detailed configuration maps for southwestern and 
central Minnesota are presented later in this report. The Sioux ridge is 
broadly defined by the 750 and 1000 ft (210 & 301 m) contours in eastern 
South Dakota and southwestern Minnesota. Early Proterozoic Sioux Quartzite 
composes the ridge and the local outlines of the ridge generally parallel 
specific basement faults (for example, a and b, Fig. 3). 

Specific features of the Precambrian basement geology correspond with 
specific features on the sub-Cretaceous configuration map. In southwestern 
Minnesota, faults separating structural blocks of Sioux Quartzite have 
recently been described (Southwick and MossIer, 1984). These basement 
faults (c and d, Fig. 3) are marked by long, linear areas of low elevation 
on the sub-Cretaceous surface. Cretaceous sediments are thicker in these 
paleotopographic lows than in surrounding areas. In northwestern Iowa, the 
Early Proterozoic Penokean orogen has recently been identified (Anderson and 
Black, 1983; Sims and Peterman, 1986). It is bounded by a long northeast 
fault (e, Fig. 3) offset by a series of small faults and by the northeast
trending faults which mark the margin of the Middle Proterozoic Keweenawan 
rift zone (f, Fig. 3). This orogen corresponds with a broad, northeast
trending area of low sub-Cretaceous elevations underlain by Paleozoic 
subcrop. Fluvial systems, which deposited the Dakota Sandstone, drained 
this paleotopographic low (Ludvigson and Bunker, 1979). The Great Lakes 
tectonic zone in the northern part of the field trip region (g, Fig. 3) has 
poor expression on the generalized configuration map. However, it has been 
suggested to be a basement feature which influenced Cretaceous sedimentation 
(Shurr, 1978, 1981b). 

DESCRIPTION OF SPECIFIC AREAS 

Classic marine formations of the western Interior are found in the Sioux 
ridge and Minnesota/South Dakota border areas (Fig. 1). Although exact 
correlations of these formations with unnamed lithologic units in Minnesota 
have not been established, general age relationships have been established 
(Fig. 4). 

The field trip region and the four component areas represent a spectrum 
of relief and elevation on the pre-Cretaceous surface (Fig. 3). The Sioux 
ridge has high relief and elevation; central Minnesota has low relief and 
moderate elevation; southwestern Minnesota has moderate to high relief and 
elevation; and the Minnesota/South Dakota border has low relief and eleva
tion. Cretaceous rocks of distinctive thickness and lithology are asso
ciated with specific characteristics of the sub-Cretaceous surface (Table 
1 ) • In general, units thin and onlap areas of high elevation. Facies 
change onto paleo topographic highs and along the trend of elongate paleotec
tonic lows. These generalizations will be illustrated in discussions of 
each component area. 
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Figure 3. Configuration of sub-Cretaceous unconformity and 
principal faults in Precambrian basement rocks. Faults a 
through g discussed in text. Modified from Shurr (1981), 
Ludvigson and Bunker (1979), and Sims (1985). 

Sioux Ridge 

The component area designated Sioux ridge is located in two counties in 
eastern South Dakota (Fig. 1). It is situated on the northern flank of the 
Sioux ridge and has a relatively complete record of Cretaceous sedimen
tation. Classic marine units are found in areas of low elevation on the 
sub-Cretaceous surface, but onto the ridge to the south, elevation increases 
and the distinctive Split Rock Creek Formation replaces marine units (Fig. 
4) • 
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Table 1. Elevation of sub-Cretaceous surface and characteristics of 
Cretaceous Rocks in the four component areas (see Figs. 3 and 4). 

Area Sub-Cretaceous Thickness Lithology Stratigraphic 
elevations units 

Sioux ridge <750 to >1250 ft o to >800 ft Shale, sandstone, Western Interior 
«228 to >380 m) (Q to 243 m) chalk plus dls- Reference Section 

tlnctive silica- pi us Spilt Rock 
rich lithology Creek Formation 

Central 1000 ft <100 ft Shale & claystone Unnamed 
Minnesota (305 m) (<30 m) 

Southwest 600 to > 1700 ft <100 to 600 ft Shale with minor Six informal, 
Minnesota (182 to >517 m) (<30 to 182 m) sandstone unnamed un I ts 

Minnesota/ o to 1000 ft <100 to >800 ft Shale, chalk, and Western Interior 
South Dakota (0 to 305 m) «30 to >243 m sandstone Reference Section 
Border 

The type section of the Split Rock Creek Formation is located near Sioux 
Falls, just south of the study area where the sub-Cretaceous surface forms a 
closed depression (Ludvigson and others, 1981). Within this cul-de-sac, the 
formation includes a thick lower unit of quartz arenite and claystone over
lain by a thin upper unit of interbedded biogenic siliceous rocks and ben
tonite (Fig. 5). Sandy diamictite locally underlies the siliceous unit on 
the margins of paleotopographic highS. Although the unit is isolated from 

54 



classic marine units south of the ridge (Fig. 5), the upper part is 
suggested (Ludvigson and others, 1981) to be correlative with the Niobrara 
and Pierre. The lower clastic unit is interpreted to have been deposited in 
a fluvial environment which was replaced by estuarine conditions during 
progressive rise in sea level. This depositional history is similar to that 
proposed for the Dakota through Greenhorn interval south of the ridge (Lud
vigson and Bunker, 1979). The upper siliceous unit consists of spiculites 
probably deposited as clear-water, nearshore facies of the Niobrara and 
Pierre. Diamictites may have been formed by mass wasting on the margins of 
the depositional basin. 

In Lake and Moody Counties on the northern flank of the ridge, the 
correlations and interpretations described in the previous paragraph have 
been verified by subsurface studies (Fig. 6) (Hammond and Ludvigson, 1985). 
Nearshore, embayment-fill clastic facies of the lower Split Rock Creek are 
observed to grade northward away from the ridge into formations (specifi
cally the Dakota, Graneros, Greenhorn, and Carlile) of the Greenhorn cycle. 
Biogenic siliceous rocks of the upper Split Rock Creek show a clearly
defined facies relationship with the Niobrara Formation. Insoluble residue 
percentages in the pelagic Niobrara chalk are generally less than 25% away 
from the ridge. Insoluble residues and formation thickness gradually 
increase through a transitional unit (25-75% insoluble residue) which passes 
into the spiculites, claystones, and sandstones of the nearshore Split Rock 
Creek. Pink quartz sandstones in the upper Split Rock Creek adjacent to the 
paleotopographic high were eroded from the Sioux Quartzite composing Sioux 
ridge. 

During the transgression which deposited the Greenhorn depositional 
cycle, local drainages on the northern flank of Sioux Ridge were progres
sively flooded. The initial drowning of the drainages and subsequent for
mation of estuaries is analogous with conditions in the enclosed basin of 
the Split Rock Creek type area and with conditions in the maj or drainage 
system to the south of the ridge (see Fig. 3). During the Niobrara deposi
tional cycle, offshore pelagic foraminiferal chalks of the open marine 
environment were replaced southward by silica-rich sponge spiculites of 
nearshore environments. At this higher stand of sea level, probably only 
the highest areas of the ridge remained emergent. 

Central Minnesota 

The component area in central Minnesota consists of Stearns County (Fig. 
1); the city of St. Cloud is located on the eastern border. The area 
corresponds with a broad area where basement elevations are generally 1000 
ft (305 m) (Fig. 3). Cretaceous rocks are discontinuously preserved over 
the crystalline basement and exposures of sedimentary rocks are very 
limited. Cretaceous units are dominantly clay and shale with local sandy 
and lignitic intervals. An occurrence of Cretaceous marine fossils 
described in the nineteenth century (Kloos, 1872) has recently been assigned 
to the middle Turonian (Cobban and Merewether, 1983). Logs of water wells 
drilled in the twentieth century have demonstrated that Cretaceous strata 
are relatively continuous away from areas of local exposures of Precambrian 
crystalline rocks. 
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Figure 5. Diagrammatic cross section off southern flank of Sioux ridge in 
eastern South Dakota showing Split Rock Creek Formation near the type 
sections and formations of the Western Interior reference section. See 
Figure 3 for location. 
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Figure 6. Subsurface cross section off northern flank of Sioux ridge; see 
Figure 3 for location. Section illustrates facies relationships between 
Split Rock Creek Formation near the ridge and formations in the Greenhorn 
and Niobrara depositional cycles away from the ridge. 
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Crystalline bedrock in central Minnesota is mantled by a thick weathered 
residuum. Granite, basalt, and a variety of metamorphic rocks grade upward 
into kaolinitic clays which display relict outlines of individual mineral 
crystals. Overlying the residuum, kaolinitic clays are locally sandy, and 
in places immature, cross-bedded sandstones are poorly developed. A 
distinctive hard, pisolitic clay bed caps the kaolinitic clay unit. Above 
the pisolitic clay, organic-rich shale, lignite, and siltstone grade upward 
to a gray shale which is in places calcareous and sandy. The residuum is 
generally less than 50 ft (15 m) thick; the kaolinitic clay unit is typi
cally 10-20 ft (3-6 m) thick; and the shale unit is less than 100 ft (30 m) 
thick. The clay mineralogy and sedimentary petrology of these three units, 
particularly of the residuum and kaoloni tic clay, have been described by 
Parham (1970). Plant remains have been recovered from the lower part of the 
shale unit, and marine fossils, including Inoceramus fragments and forami
nifera, have been collected in the upper part. The foraminifera fauna 
suggest correlation with the Greenhorn Formation and Carlile Shale (Cobban 
and Merewether, 1983), thus supporting the Turonian age suggested by mega
fossils (see Fig. 4). 

The thickness and distribution of these three Cretaceous units is 
controlled by the configuration of the crystalline basement surface (Fig. 
7). In general, the surface shows a decrease in elevation from north to 
south. Local relief is greatest in the eastern third of the county, but 
this may in part be an artifact of the distribution of control points 
employed; the majority of these are located in the eastern third where 
bedrock exposures are common and water wells are closely spaced. weathered 
residuum and kaolinitic clay are thickest in areas of low elevation. The 
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Figure 7. Configuration of crystalline basement rocks 
generally overlain by Cretaceous uni ts in Stearns County , 
Minnesota. See Figure 1 for location. 
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distinctive pisolitic kaolinitic clay bed is a useful marker bed and com
monly is found at elevations of approximately 1000 ft (305 m). Siltstones 
and lignites in the lower shale are generally confined to long, linear base
ment depressions lying below 950 ft (290 m). The upper shales are rarely 
preserved in the eastern third of the county, but are often encountered in 
the subsurface in the southern part of the county. Cretaceous units in the 
northwestern part of the area are not well documented. 

Cretaceous rocks in central Minnesota document flooding of a deeply 
weathered granitic upland during the rise of sea level associated with the 
Greenhorn depositional cycle. Crystalline rocks formed the parent material 
for the kaolinitic residuum weathered in a humid tropical climate and the 
pisoli tic bed probably represents the surface of an extensive peneplain 
(Parham, 1970). Drainage systems incised into this peneplain were the sites 
of initial nonmarine deposition, but as sea level rose, widespread marine 
environments covered the peneplain. Local granite knobs on this low relief 
surface might have been ringed by local coarse-clastics, but any record of 
these local facies has now largely been removed. This history of pro
gressive flooding during transgression is broadly similar to the history 
interpreted for local drainages on the margins of Sioux ridge. However, 
differences in crystalline bedrock, in paleotopography, and in time of 
subareal exposure produced a stratigraphic record distinctive in each com
ponent area. Marine rocks in central Minnesota do, however, correlate with 
the time of maximum transgression on Sioux ridge (Fig. 4) during the 
Greenhorn cycle. 

Southwestern Minnesota 

The southwestern Minnesota component area consists of the seven counties 
shown in Figure 1 and portions of adjoining counties. As in the other com
ponent areas, Cretaceous outcrops are not common and geophysical logs of 
water wells and stratigraphic tests constitute an important data base. 
Cretaceous stratigraphy has been studied in subsurface geophysical logs for 
years throughout the Great Plains and Rocky Mountains, but systematic 
collection and correlation of logs in southwestern Minnesota is a relatively 
recent development. Units composed dominantly of shale show characteristic 
high gamma and low resistivity values on logs; sandstone units have signa
tures of low gamma and high resistivity values. Interpretations of rock 
type from geophysical logs are augmented by cuttings and core descriptions. 
Lithostratigraphic units recognized on geophysical logs have been correlated 
throughout the study area, but correlations with the classic marine for
mations of South Dakota are only preliminary (Fig. 4). Until regional 
correlations and local facies changes have been clearly delineated, formal 
stratigraphic names have not been assigned in southwestern Minnesota. 

Six informal lithostratigraphic units are recognized in geophysical 
logs in southwestern Minnesota. These six units overlie a regoli th of 
kaolinitic clay developed on deeply weathered Precambrian crystalline rocks; 
the regolith is described in outcrops in the Minnesota River Valley just 
northeast of the component area by Parham (1970). Unit 1 overlies the rego
lith and consists of fine to coarse quartz sandstone with minor interbedded 
shale. Unit 2 is a gray, noncalcareous shale with interbedded siltstone and 
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sandstone. Fish fragments and gypsum are found in the shale in the western 
part of the area and lignite is found in the east. Coarse clastics are 
distributed in four or five coarsening-upward cycles each about 20 ft (6 m) 
thick in the eastern two-thirds of the area. unit 3 is a thin, complex unit 
of calcareous shale with local sandstone and limestone. Unit 4 is also a 
thin gray to brown calcareous shale, but is characterized by a distinctive 
gamma high and is an excellent marker bed on geophysical logs. Unit 5 is a 
relatively thick and uniform, gray, noncalcareous shale. Unit 6 is highly 
variable, but is generally calcareous to noncalcareous shale that is locally 
sandy and silty and has some beds of chalk or limestone. This unit is the 
uppermost Cretaceous unit in most boreholes and is unconformably overlain by 
glacial sediments. 

Patterns of distribution, thickness, and lithology in Cretaceous rocks 
are closely related to the configuration of the sub-Cretaceous surface (Fig. 
8). This map employs elevations of Precambrian outcrops as well as subsur
face data. High elevations in the southern half of the area mark the Sioux 
ridge composed of Lower Proterozoic Sioux Quartzite. Intermediate eleva
tions in the northern part of the area correspond with a basement of Archean 
gneiss. Cretaceous rocks are thin or absent in these areas of intermediate 
to high basement elevations. A long, linear area of low elevations is sit
uated between these basement highs and is broadly parallel to a northwest
trending basement fault (Fig. 3). Granitic basement, probably Archean, is 
deeply weathered along this low and Cretaceous rocks are thick. South of 
the Sioux ridge, another northwest-trending linear low corresponds with a 
basement fault (Fig. 3). The Cretaceous is less well preserved in this low 
and informal units recognized on geophysical logs probably correlate with 
formations recognized in northwestern Iowa. Formations of the Western 
Interior reference section have been recognized in Iowa (Ludvigson and 
Bunker, 1979) and the terminology of eastern South Dakota is employed (see 
Fig. 4). 

Stratigraphic sections along and generally across the trend of the 
northern low illustrate patterns of thickness and lithologic variation 
(Figs. 9 and 10). Units 1 and 2 are thick in the paleotopographic low and 
thin by onlap and facies change onto the adj oining higher elevations. In 
addi tion, unit 2 appears to thicken southeastward along the trend of the 
low. Units 3 and 4 are of uniform thickness and lie at approximately the 
same elevation throughout the area; however, they are more sandy and 
calcareous near basement highs. Unit 3 passes southeastward to a shale 
indistinguishable from unit 2. Unit 5 has a remarkably uniform thickness of 
about 100 ft (30 m). Unit 6 has a highly variable thickness and where pre
served in the central area of the paleotopographic low, this uppermost 
Cretaceous unit includes sandstone and chalk, as well as shale. 

The Cretaceous geology documented in subsurface studies in southwestern 
Minnesota is interpreted to represent a history of progressive infilling of 
paleotopographic lows and onlap of higher elevation surfaces. The history 
is analogous to that of central Minnesota and of the Sioux ridge in eastern 
South Dakota. The kaolinitic regolith may be part of an extensive peneplain 
with isolated, higher elevation outliers composed of resistant rock. A 
relatively complete record of the Greenhorn cycle is preserved in units 1 
through 5. Units 1 and 2 are probably nonmarine at the base and to the 
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Figure 8. Configuration of crystalline basement rocks 
generally overlain by Cretaceous units in southwestern 
Minnesota. See Figure 1 for location. 
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southeast, but grade to more open marine upward and to the west. This 
represents flooding of paleodrainages during transgression. Units 3 and 4 
mark the maximum incursion of marine conditions and unit 5 corresponds with 
progradation which ends the depositional cycle. Unit 6 constitutes a more 
incomplete record of the overlying Niobrara cycle. Limited preservation of 
unit 6, except in the western part of the paleotopographic low, precludes 
anything but highly speculative interpretations of depositional history. In 
general, there is little evidence for post-Cretaceous tectonism in south
western Minnesota. The slight increase in elevation to the southeast (Fig. 
9) probably represents depositional dip. The configuration map (Fig. 8) is 
best interpreted as a paleotopographic surface. However, individual drain
ages on the surface were controlled by deeply eroded fault zones in the 
Precambrian basement. 

MINNESOTA/SOUTH DAKOTA BORDER 

The majority of the field trip will be in the Minnesota/South Dakota 
border area and our discussion of this component area constitutes a digest 
of field trip localities. Exposures are clustered in two areas: between 
Sisseton, South Dakota, and Browns Valley, Minnesota, near Lake Traverse; 
and between Milbank, South Dakota, and Ortonville, Minnesota, in the vicin
ity of the Minnesota River (Fig. 11). As in the other study areas we have 
described, Cretaceous rocks are covered by thick glacial sediments. The 
Cretaceous units are thick near Lake Traverse, but thin and onlap southward 
onto a basement high near Milbank. 

Lake Traverse Area 

Near Lake Traverse exposures and logs document parts of the Greenhorn, 
Niobrara, and later depositional cycles (Fig. 12). Stratigraphic units 
display characteristic geophysical log signatures recognized throughout the 
Dakotas. The sandstone and calcareous rock types of the Dakota, Greenhorn, 
and Niobrara typically display high resistivity and low spontaneous poten
tial, whereas the shales which dominate the Graneros, Carlile, and Pierre 
generally display low resistivity and high spontaneous potential. Several 
lithic subdivisions of the Carlile can be distinguished on geophysical logs. 
A basal unit of calcareous shale, which is a particularly good marker bed, 
has distinctively high values on a gamma log. Several discontinuous sandy 
intervals in the upper Carlile are marked by locally higher values of 
resistivity and lower spontaneous potential. 

At Sisseton, South Dakota, on the west end of the cross section shown in 
Figure 12, Pierre Shale is exposed on the flanks of the Coteau des Prairies. 
Subsurface records from near the exposure indicate that the shale is prob
ably in place and is situated about 160 ft (48 m) above the base of the 
Pierre. This stratigraphic position suggests a correlation with the Odanah 
Member of the Pierre Shale. 

Along the Little Minnesota River west of Browns Valley, the lower part 
of the Niobrara and upper part of the Carlile are exposed. The contact be
tween formations is abrupt and offset by small faults probably related to 
glacial activity or slumping. However, correlation of geophysical logs to 
the west and north (note, the line of section bends at this locality), 
suggests that the exposure is at or very near its original stratigraphic 
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position (Fig. 12). Niobrara chalk contains Pseudoperna congesta, a 
bivalve characteris tic of the Niobrara in other locali ties (W .A. Cobban, 
personal communication, 1985). Noncalcareous gray shale of the Carlile has 
one or possibly two intervals of large, flat septarian concretions discon
tinuously exposed downslope from the Niobrara. 

At the eastern end of the section shown in Figure 12, Cretaceous expo
sures are found around Lake Traverse. On the southwestern side of the lake 
there are several scattered exposures of noncalcareous, gray shale with sep
tarian concretions. These are probably upper Carlile. On the southeastern 
side of the lake fairly extensive exposures of Cretaceous rocks are located 
in and adjacent to Traverse County Park. Immediately south of the park, 
essentially horizontal Greenhorn is exposed about 10ft (3 m) above lake 
level. Just north of the park, Greenhorn is exposed at lake level and is 
deformed into a series of three small, open, upright folds. Fossils found 
at this locality include Mytiloides mytiloides and Collignoniceras woolgari 
(W.A. Cobban, personal communication, 1986). Still farther north, a collec
tion from a test pit in gray, noncalcareous shale and chalk, consists of 
specimens of Collignoniceras woolgari regulare which is characteristic of 
the Turonian (W.A. Cobban, personal communication, 1985). 

In Traverse County Park between these outcrops of essentially horizontal 
Greenhorn, the upper Greenhorn and about 10ft (3 m) of Carlile Shale is 
exposed. Units dip approximately 25° to the northeast. The structural 
attitude and elevation of the Greenhorn and the elevation of units encoun
tered in a test hole drilled in the park indicate that at least one small 
fault and one major fault are present (Fig. 12). Across the southern fault, 
subsurface correlations suggest that the Dakota, Graneros, and Greenhorn 
abruptly change thickness. Greenhorn exposures in the park are dominantly 
chalk and limestone. Couplets approximately 1 ft (0.3 m) thick are composed 
of calcareous shale and chalk near the base of the outcrop, and grade upward 
to couplets of chalk and limestone. The upper Greenhorn is thinly bedded, 
bioturbated limestone with several bentonite beds. Carlile exposures in the 
park include several lithic units. A basal calcareous shale less than 10 ft 
(3 m) thick correlates with the distinctive subsurface marker characterized 
by high gamma values; this basal unit is the Fairport Member of the Western 
Interior reference section. Above the calcareous shale, a gray noncalcare
ous shale about 115 ft (35 m) thick carries two beds of septarian concre
tions near the top; this unit correlates with the Blue Hill Member. Buff 
calcareous siltstone and fine-grained sandstone overlie the shale with a 
gradational contact. Al though this sandstone has been termed the Codell 
Sandstone (Shurr, 1980), it has been suggested that this term may not be 
appropriate in the eastern Dakotas because there are several sandstone 
intervals distributed throughout the shale of the upper Carlile (Witzke and 
others, 1983). Fossils found at this locality include Mytiloides labiatus 
and Watinoceras coloradoense from the Greenhorn and COllignoniceras woolgari 
from the Carlile, 5 ft (1.5 m) below the sandstone unit (W.A. Cobban, per
sonal communication, 1979). 

The geologic structure in the vicinity of Lake Traverse is essentially 
flat-lying (Fig. 12). Greenhorn elevations interpreted from 18 geophysical 
logs distributed through approximately 10 townships range between 750 ft 
(226 m) and 850 ft (256 m). Greenhorn is exposed at an elevation of approx-
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imately 1000 ft (305 m) in Traverse County Park. Although the azimuth of 
the fault is not known, a vertical displacement of as much as 200 ft (60 m) 
is indicated for the fault postulated in Figure 12. Interpretations of 
Dakota and basement elevations from driller's logs are consistent with the 
fault interpretation. Basement elevation and Dakota thickness are approxi
mately the same in the test hole at Traverse County Park and in a well log 
20 mi (32 km) east of the park. In contrast, well logs just south of the 
park have thin Dakota and a lower basement elevation (Fig. 12). Thickness 
variations in Cretaceous units imply paleotectonic activity. The azimuth of 
faults in the Lake Traverse area could be documented by test drilling and 
geophysical logs, particularly in areas north and east of the park. 
However, the evidence summarized in this paragraph does clearly indicate 
that there has been post-Cretaceous tectonic activity. 

Minnesota River Valley Area 

Approximately 30 mi (48 km) southeast of Lake Traverse, outcrops of 
Archean granitic rocks display thin Cretaceous rocks deposited in fractures 
and between large granitic boulders on the Precambrian surface. Along the 
Minnesota River Valley near Ortonville, Minnesota, elevations on the 
Precambrian basement are approximately 1000 ft (305 m). About 5 mi (8 km) 
west of the river valley near Milbank, South Dakota, basement elevations 
exceed 1050 ft (320 m). Subsurface data and outcrop elevations define an 
L-shaped basement high elongate northwest in Minnesota and northeast in 
South Dakota. Around Milbank in Grant County, geophysical logs from test 
holes show that Cretaceous units thicken away from the basement high. 
Al though the succession of formations is generally the same as at Lake 
Traverse, thicknesses and rock types near the basement high are not the same 
as those observed in Traverse County Park. 

A subsurface section onto the north flank of the basement high near 
Milbank shows Cretaceous units onlapping and covering the Precambrian (Fig. 
13). A basal white, medium to coarse, kaolinitic sandstone overlies 
weathered granite. Limestone and calcareous mudstone directly overlie the 
sandstone and display the high resistivity on geophysical logs which is 
characteristic of the Greenhorn to the north and west. The lower Carlile is 
a calcareous shale with a distinctive high gamma expression on logs similar 
to the Fairport Member in Traverse County Park. It is the Fairport which 
extends across the basement high, and lithologic units higher in the Carlile 
are fairly uniform in thickness. Noncalcareous sandy shale overlies the 
calcareous Fairport in the cross section, and noncalcareous shale marks the 
top of the Cretaceous. Thicknesses of lithologic units at Milbank are much 
different from near Lake Traverse. Near the basement high, the Fairport is 
about 50 ft (15 m) thicker and there is no overlying shale similar to the 
Blue Hill; the sandy shale directly overlies the Fairport. These thickness 
differences suggest that there is a facies change in the Carlile near the 
basement high. 

At higher elevations where the basement is exposed, Cretaceous sediments 
are distinctive and carry faunal elements associated with the Greenhorn and 
Carlile at other localities in the Western Interior. Near Ortonville, 
calcareous mUdstone and limestone equivalent to the Greenhorn directly 
overlie relatively unweathered granite at elevations of 950 to 1000 ft (290 
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to 305 m}. Near Milbank, granite elevations exceed 1050 ft (320 m) and 
Cretaceous sediments equivalent to the Carlile are found surrounding 
rounded, unweathered granite boulders. The sediments are calcareous and 
noncalcareous, sandy mUdstones with shark teeth, abundant fossil fish bones, 
and the remains of marine turtles (Zangerl and Sloan, 1960). 

Elevations on the top of the Greenhorn are generally 860 ft (262 m) to 
940 ft (286 m) throughout eastern Grant County and generally seem to reflect 
variations in basement elevation. However, 6 mi (10 km) north of Milbank on 
the Grant-Roberts county line, there is an abrupt change in Greenhorn eleva
tion which seems to document post-Cretaceous deformation (Fig. 14). The 
apparent offset occurs across the trace of a fault bounding the Great Lakes 
tectonic zone extending into South Dakota from Minnesota (g on Fig. 3). The 
thickness change in the Fairport suggests that there was also paleotectonic 
activity along the postulated fault. The association of elevation differ
ences and thickness change across a postulated fault are reminiscent of the 
fault interpreted to be present in Traverse County Park. 

Down the Minnesota River Valley southeast of the Mi lbank-ortonville 
area, Precambrian crystalline rocks are intermittently exposed. Near 
Granite Falls in southwestern Minnesota, there are no known occurrences of 
Cretaceous overlying basement, but farther downstream near Redwood Falls, 
granitic rocks are deeply weathered and Cretaceous rocks overlie the resid
uum (Parham, 1970). A clay pit in sec. 3, T. 112 N., R. 35 W., 4 mi (6 km) 
eas t of Redwood Falls exposes a hard pisolitic clay above the kaolinitic 
residuum and overlain by 15 ft (4.6 m) of interbedded noncalcareous, black, 
organic-rich shale and white, cross-bedded sandstone; an 8-inch (20 cm) 
bentonite bed is found near the top of the exposed Cretaceous rocks. Near 
Springfield, Minnesota, 21 mi (34 km) south of Redwood Falls, a well-known 
Cretaceous locality is found in another clay pit. Interbedded siltstone and 
shale in a general coarsening-upward sequence about 25 ft (8 m) thick, is 
overlain by a shale unit with marine fossils. This succession probably is 
equivalent to unit 2 described in our discussion of southwestern Minnesota. 

Environmental Interpretations 

Outcrop and subsurface studies in the Minnesota/South Dakota border area 
document dominantly open marine environments. As transgression progressed 
during the Greenhorn cycle, sandstones of Dakota gave way to deposition of 
Graneros Shale and Greenhorn calcareous sediments. This transgression 
resulted in onlap of the basement high near Milbank which probably stood as 
a small emergent island during Greenhorn deposition. Later in the cycle, 
clastic sediments of the Carlile prograded over the Greenhorn. The basal 
Fairport constitutes a transitional facies between the Greenhorn and 
Carlile. Units of sandstone and sandy shale in the upper Carlile probably 
represent nearshore shelf sands deposited basinward of the basement high now 
manifest as a shallow shoal. To the southeast in southwestern Minnesota, 
the marine units are replaced by nonmarine lithologies. Exposures of higher 
s tra tigraphic units near Lake Traverse represent marine deposition during 
the subsequent Niobrara and later cycles. 

CONCLUSIONS 

The outcrops and subsurface studies described in this guidebook provide 
important insights on the Cretaceous rocks deposited on the eastern margin 
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of the Western Interior Seaway. Variable relief and elevation along the 
eastern margin produced a diversity of depositional environments, including 
some characterized by unique silica-rich and dominantly shale sediments. 
There is thus a clear contrast between the eastern margin and the western 
margin where coarse clastics were deposited in laterally continuous environ
ments. Some of the differences between the eastern and western margin may 
be visualized by contrasting modern environments on the high-relief, rocky 
New England coast with the low-relief, aggrading Gulf Coast. 

Transgression of the eastern margin had expression wi thin each of the 
variety of depositional environments found in the four component areas. On 
the flanks of Sioux ridge, coarse clastics were initially deposited marginal 
to the high-relief, rocky coast. Al though a proposed model of sea-cliff 
retreat on the ridge (Shurr, 1981b) has not been directly tested, the data 
do not contradict the model. Subsequent transgression isolated the ridge as 
a large island with distinctive siliceous sediments of protected enclaves 
grading seaward into open marine environments. In central Minnesota, clay 
and shale were deposited on granitic basement rocks during the transgression 
which flooded the deeply weathered and low-relief upland surface. In south
western Minnesota, nonmarine sediments were replaced by transitional marine 
environments as transgression progressed through drainage systems incised 
into a low- to moderate-relief surface of weathered crystalline rocks. 
Estuaries produced at maximum transgressions were the sites of shale deposi
tion in transitional environments near the head, while more normal marine 
sediments were deposited near the mouth. In the Minnesota/South Dakota 
border area, calcareous and sandy sediments were deposited on flat areas 
around a small paleotopographic knob of basement rock. Continued rise in 
sea level progressively covered the island, and calcareous, sandy sediments 
are found associated with rounded beach boulders at higher elevations. Away 
from the vicinity of the island, these environments were replaced by open 
marine clastic and carbonate shelf environments. 

The existence of landward facies changes in Minnesota may eventually 
require the definition of new, formal lithostratigraphic units. In central 
Minnesota, units equivalent to the Greenhorn and Carlile do not display 
lithologies characteristic of these formations. In southwestern Minnesota, 
where a more complete record is preserved, the problem is more acute. A 
succession of six informal units broadly correlates with the formations of 
the Western Interior reference section employed in eastern South Dakota 
(Fig. 4). South and east of the border area, distinctive calcareous units 
disappear, additional sandstone units are encountered, and the total record 
is dominated by shale. These facies changes suggest that new, formal 
lithostratigraphic units should be named in Minnesota. Correlations with 
the classic marine formations would be greatly facilitated by geochemical 
studies of isotope cycles which have been shown to have time-stratigraphic 
significance (Pratt and Threlkeld, 1984). 

The Greenhorn cycle is the most completely preserved depositional cycle 
on the eastern margin. However, landward facies changes on the eastern 
margin bear only a general resemblance to the facies model proposed for the 
basin center and western margin of the seaway (Kauffman, 1977, 1985). 
Facies changes in eastern South Dakota and Minnesota are probably signifi
cant enough to warrant refinement of the facies model for the seaway to 
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incorporate and emphasize differences between the eastern and western 
margins. An additional problem is posed by marine deposition at progres
sively higher elevations on the sub-Cretaceous unconformity along the 
eastern margin. Specifically, this generalization implies a continual rise 
of sea level during deposition of the Carlile, which is conventionally 
interpreted to be deposited during the terminating regression of the 
Greenhorn cycle. The problem may be resolved by invoking a decrease in the 
rate of sea level rise during the later part of the cycle. This would 
explain onlap of basement highs on the eastern margin at the same time that 
progradation produced regression on the western margin. 

Tectonism did occur along the eastern seaway margin; however, it was 
localized along reactivated basement structures. On the Minnesota/South 
Dakota border, post-Cretaceous tectonism is suggested by postulated faults, 
and paleotectonism is implied by stratigraphic thickness changes across the 
f aul ts. In other component areas, tectonism is not unequivocally docu
mented. Throughout the total study area, however, facies and thickness pat
terns are closely related to basement features. This relationship is prob
ably best interpreted as the result of paleotopographic relief controlled by 
differential erosion. Deeply weathered faults were the sites of channels 
while resistant basement highs formed drainage divides and isolated islands. 

In conclusion, the data reviewed in this guidebook clearly show the 
significance of rocks preserved on the eastern margin of the Cretaceous 
seaway. Speculations on sedimentology and tectonism presented in this 
concluding summary clearly warrant the collection of additional data. In 
these further studies, geophysical logs and geochemical investigations will 
be of paramount importance. 

COMMENTARY ON TRIP ROUTE AND DESCRIPTION OF STOPS 

Friday afternoon, May 1 -- Minneapolis-St. Paul to Morris, Minnesota 

We leave the Minneapolis-St. Paul metropolitan area on I-94, traveling 
west across end and ground moraine associated with the late Wisconsinan Des 
Moines lobe. The floodplain of the Mississippi River lies several miles to 
the north of our route; to the north of the river lies the outwash and sand 
dune country of the Anoka Sand Plain, formed as the result of wasting of the 
Grantsburg sub lobe (of the Des Moines lobe) approximately 12,000 years ago. 

Nearing St. Cloud we come onto a gently rolling surface underlain by 
glacial outwash. As we continue traveling in a west-northwestward direction 
we soon encounter more rugged terrain. Much of our route between St. Cloud 
(north of 1-94) and Morris (still 90 miles distant) is through the Alexan
dria moraine complex, an arcuate belt of morainal ridges and ice-block lakes 
which sweeps through central and west-central Minnesota. The Alexandria 
moraine includes drift from both the early-to-late Wisconsinan Wadena lobe 
and the late Wisconsinan Des Moines lobe. 

At Sauk Centre we leave I-94, turning due west on Minnesota 28 for the 
final 50-mile ride into Morris. Between Sauk Center and Glenwood we travel 
across a level upland drift surface. As we enter Glenwood, however, we find 
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ourselves in the distinctive kame and kettle topography of the central 
Alexandria moraine complex. Between Glenwood and Starbuck we follow the 
northern shore of Lake Minnewaska, one of the many lakes which occupy basins 
formed by melting of the debris-rich ice 11,000 to 12,000 years ago. Our 
final route into Morris takes us over ground moraine of the Des Moines lobe 
and, as we come into sight of Morris, across the 1 to 1.5-mile wide glacio
fluvial valley now occupied by the clearly underfit Pomme de Terre River. 
The town of Morris sits on till at the western margin of this glacial melt
water channel. 

Saturday, May 2 -- Morris to Milbank, South Dakota 

As we leave Morris, traveling west on Minnesota Highway 28, we cross 
the gently undulating surface of the outwash-covered "Fergus Falls till 
plain" (Des Moines lobe drift). Our route takes us through the small west
central Minnesota towns of Alberta (6.8 miles west of Morris), Chokio 
(12.6 miles), and Johnson (18.6 miles). Nearing Graceville (25.4 miles) we 
pass onto the level surface of glacial Lake Milnor, a pre-Lake Agassiz 
proglacial lake which was dammed by the pre-Big Stone ice. 

Immediately west of Graceville (Fig. 15) we encounter the western margin 
of glacial Lake Milnor and find ourselves traveling across drift and till of 
the Des Moines lobe. Approximately 35 miles from Morris we can see the Fish 
Creek drainage off to the south; this creek served as the southwestern 
outlet of glacial Lake Milnor. 

As we continue traveling west, the eastern escarpment of the Coteau des 
Prairies comes into view; this drift-covered upland rises 600-650 feet above 
the surrounding lowland and will remain in view as a conspicuous topographic 
high throughout most of the day. As Minnesota 28 turns toward the northwest 
approximately 45 miles west of Morris, we descend into the broad valley of 
Glacial River Warren which drained Glacial Lake Agassiz 9000 to 12,000 years 
ago; the valley is now occupied by Big Stone Lake and the upper reaches of 
the Minnesota River. We cross terraced outwash surfaces associated with 
Glacial River Warren and, just before entering the town of Browns Valley 
(46.7 miles), we pass a Minnesota state historical marker which commemorates 
the discovery of 8000-year-old human bones ("Browns Valley Man") and stone 
artifacts in nearby gravels in 1933. 

We cross a continental divide, elevation 987 feet, 2.5 miles west of 
Browns Valley (Fig. 16). To the north lies Lake Traverse, which forms the 
headwaters of the Red River of the North; to the south is Big Stone Lake and 
the headwaters of the Minnesota River. This divide marks the lowest 
southern spillway of Glacial Lake Agassiz; beneath the sediment lies the 
rock-armored floor of Glacial River Warren, a floor which was periodically 
lowered by catastrophic erosion. 

Minnesota 28 turns into South Dakota 10 as we cross into South Dakota at 
the continental divide, and we return to the level upland surface underlain 
by drift of the Big Stone moraine. Our route turns westward once again, and 
we find ourselves heading directly toward the eastern escarpment of the 
Coteau des Prairies as we successively cross over the Little Minnesota River 
(56.5 miles west of Morris) and Interstate 29 (58.1 miles). Two miles west 
of Sisseton (61.8 miles) we come to stop 1 (63.8 miles). 
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Figure 15 . Location of major field trip stops in the Minnesota/South Dakota 
border area. 
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Figure 16. Location of stops for the first day between Sisseton and Browns 
Valley. 



Leaving stop 1 we retrace our route as we return to Sisseton, but then 
turn south on Roberts County 20 to reach stop 2 on the Li ttle Minnesota 
Ri ver. 

We return to South Dakota 10 and continue to retrace our route toward 
Browns Valley. On the western margin of town, however, we turn north on 
Minnesota 27. This road initially takes us along the eastern margin of the 
approximately 1-mile-wide former channel of Glacial River Warren; Lake 
Traverse soon comes into view to our left (west), and we continue traveling 
north until milepost 6, immediately beyond which we turn left into Traverse 
County Park for stops 3a and 3b. 

We return to Brownsville via Minnesota 27 and Minnesota 28 and, on the 
eastern side of Beardsley (approximately 7 miles east of Browns Valley), 
turn south on Minnesota 7 toward Ortonville. Our route once again takes us 
across the dissected outwash and ground moraine associated with the Big 
Stone Moraine. At Ortonville we turn southeast on u.S. 12, once again cross 
the broad valley of the former Glacial River Warren (now occupied by the 
underfi t Minnesota River), and climb back up on the upland surface at Big 
Stone City. A number of grani te quarries in the Ortonville-Big Stone 
City-Milbank area (two of which we will visit tomorrow) attest to the high 
elevation of the Precambrian surface in this part of Minnesota and South 
Dakota. 

Sunday, May 3 -- Milbank to Minneapolis-St. Paul 

On Sunday morning we travel approximately 6.5 miles due east of Milbank 
to visit two quarries currently owned and opera ted by Dakota Granite of 
Milbank. Precambrian bedrock and a distinctive weathering surface of Middle 
Cretaceous age is well exposed in these quarries; Cretaceous shales, marls, 
sandstones and thin pebble conglomerates overlie the bedrock in both 
quarries. 

We leave the quarries and return northward to U.S. 12 at Ortonville 
where we pick up Minnesota 7 and follow it to the east-southeast toward 
Appleton (23 miles from Ortonville) and Montevideo (47 miles from 
Ortonville). We follow U.S. 212 between Montevideo and Granite Falls (59 
miles) and from there take Minnesota 67 for 36 additional miles into Redwood 
Falls (95 miles from Ortonville). 

Numerous exposures of Precambrian gneisses and granites are seen to the 
south of the highway as we leave the vicinity of Ortonville; similar 
gneissic granites crop out along Minnesota 7 immediately east of Montevideo 
and a variety of more mafic rocks are exposed in the vicinity of Granite 
Falls. For most of the journey, however, we travel over the open and 
generally featureless till plains north and south of the Minnesota River 
(Glacial River Warren) Valley. 
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STOP 1. Pierre Shale 

Location: NE 1/4, NE 1/4, sec. 36, T. 26 N., R. 52 W. (Sisseton 7.5-minute 
topographic quadrangle); elevation approximately 1370 ft. 

This small exposure, one of the easternmost known outcrops of the Pierre 
Shale in the United States, lies approximately 2 miles west of Sisseton, 
South Dakota, and 13 miles west of Lake Traverse and the Minnesota/South 
Dakota border. Gray, iron-stained, and pervasively fractured, noncalcareous 
shale crops out along both sides of South Dakota Highway 10 for approximate
ly 500 ft (150 m) east and west of the intersection of that highway with a 
gravel country road entering from the north. In places the shale appears to 
be thinly laminated, but it commonly is broken into iron- and manganese
stained, conchoidally fractured chips 2-3 inches (5-8 cm) in longest dimen
sion. The shale is typically darker gray-green in color several centimeters 
beneath the surface. 

Although the attitude of the Pierre Shale at this locality is not easily 
determined it arguably dips gently (about 50?) toward the west near the 
middle of the outcrop. At a small exposure on the north side of the road 
and approximately 325 ft (100 m) farther east, however, the beds appear to 
be characterized by low-amplitude (2-4 inches [5-10 cm]), short-wavelength 
(3-6 ft [1-2 m]) undulations and an overall dip of 5-100 to the southeast. 
Well-developed orthogonal fractures (N. 25 0-35 0 W., N. 60 0-70 0 E.) are 
clearly evident in the shale at this latter exposure as well. 

Data obtained through several holes drilled near Sisseton suggest that 
the contact of the Pierre Shale with the chalk of the underlying Niobrara 
Formation lies approximately 245-260 ft (75-80 m) below the level of this 
outcrop. 

Considerable reconnaissance field work along the eastern margin of the 
Coteau des Prairies has failed to find additional exposures of the Pierre 
Shale in the area. 
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STOP 2. 

Location: 

Niobrara Formation and Carlile Shale 

NW 1/4, NW 1/4, sec. 24, 
topographic quadrangle); 
See Figure 16 for map. 

T. 125 N., R. 50 W. (Peever 7.5-minute 
elevation approximately 1030-1050 ft. 

At this locality approximately 4 ft (1.3 m) of disturbed (ice-thrust?) 
bedded marl and chalk of the Niobrara Formation overlie 11.5 ft (3.5 m) of 
light-gray to dark-gray-green, thinly laminated noncalcareous shale of the 
Blue Hill Member of the Carlile Shale. The section, which is topped by 5-8 
ft (1.5-2.4 m) of glacial till, is exposed along the south bank of a small 
stream which enters the Little Minnesota River from the east. 

The Niobrara Formation chalks are typically buff-white when dry and 
incorporate numerous small fish scales and fragments of Inoceramus sp. and 
Psuedoperna congesta. The chalks occur (or weather out) in beds 8-10 inches 
(20-25 cm) thick and are highly porous. 

The underlying Blue Hill Member of the Carlile Shale is light to medium 
gray in color when dry and is commonly broken into small, irregularly shaped 
chips as the result of pervasive fracturing; the chips, 1-2 inches (3-5 cm) 
in long dimension, tend to display conchoidal surfaces and are commonly 
stained by iron and/or manganese oxides. Pale yellow jarosite occurs along 
bedding and joint surfaces of the shale. Small (0.4-1.2 inches [1-3 cm]) 
irregular crystals and rosette clusters of gypsum are locally abundant. 

Several small (8-10 inches [20-25 cm] thick, 14-18 inches [35-45 cm] in 
diameter) septarian concretions occur within the shale in the lower part of 
the section. These concretions appear to be confined to a common bedding 
plane and both they and the inferred lamination in the shale suggest that 
the beds of the Blue Hill Member of the Carlile Shale are essentially hori
zontal at this outcrop. 

A few smaller (4-7 inches [10-15 cm]) concretions are exposed higher in 
the section immediately below the Niobrara Formation-Carlile Shale contact. 
Larger concretions occur as float along the creek bed for a distance of 500 
ft (150 m) upstream from the outcrop; over this same distance small incon
spicuous exposures of the shale occur near the creek bottom as well. 

The fabric of the glacial (Pleistocene?) till and the immediately 
underlying Niobrara Formation chalk reflect extensive contortion and defor
mation. Although its origin is unclear, the fabric appears to be consistent 
with deformation that might attend subglacial freezing and thrusting in the 
immediate area. 

A similar exposure of Niobrara Formation chalk and Carlile Shale crops 
out along the outer bend of the Little Minnesota River approximately 0.5 
mile (0.8 km) upstream (to the north). 
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STOP 3a. Carlile Shale and Greenhorn Formation 

Location: NE 1/4, SE 1/4, Sec. 2, T. 125 N., R. 49 w. (Peever NE 7.5-minute 
topographic quadrangle); elevation approximately 980 ft. 

~ 
1003 

/ --
( 

Here at the southern margin of Lake Traverse in Traverse County Park 
more than 15 ft (45 m) of chalk, limestone, shale, siltstone, and sandstone 
of the Upper Cretaceous Greenhorn Formation and the Fairport and Blue Hill 
Members of the Carlile Shale are well exposed in a 10-15 ft (3.0-4.5 m) high 
bank along more than 305 ft (100 m) of the southwestern shore of Lake 
Traverse. 

These strata strike N. 60°-68° w. and dip to the northeast at 17°-28°. 
The lowest dips (17°-19°) were measured within the upper part of the Blue 
Hill Member of the Carlile Shale which is exposed toward the northern end of 
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the outcrop; the greatest dips (20°-28°) were measured in the lower part of 
the Blue Hill Member of the Carlile Shale and the interbedded chalk and 
limestone of the Greenhorn Formation at the far southern end of the outcrop. 

The lowermost beds belong to the Greenhorn Formation and consist of a 
thick (8.5-9.0 ft [2.7 m]) basal unit of interbedded chalk, siltstone, and 
fine-grained sandstone and a somewhat thicker (11.5 ft [3.5 m]) upper unit 
of slabby and dense beds of gray limestone (typically 10-15 inches [25-30 
cm] thick) separated by thinner interbeds of chalk and calcareous shale. 
Two thin (0.5-1.2 inches [1.5-3 cm]) beds of bentonite are present within 
the upper unit; fragments of Inoceramus labiatus and fish scales are abun
dant within and along the bedding surfaces of the limestone of the upper 
unit as well. Dark-brown to black shark teeth are present but uncommon in 
the limestone and chalk beds. 

Conformably overlying the Greenhorn Formation is 0.3-0.6 ft (1-2 m) of 
gray calcareous shale of the Fairport Member of the Carlile Shale. The 
shale contains thin (about 1 inch [2-2.5 cm]) interbeds of limestone and, 
as with the underlying Greenhorn limestones, is characterized by abundant 
inoceramid fragments; fish vertebrae and fragments attributed to Ostrea 
have been noted here as well. 

An interval 39-42 ft (12-13 m) thick of poorly exposed (because of 
extensive slumping) gray-to-brown, noncalcareous shale and interbedded silty 
shale overlies the Fairport Member of the Carlile Shale. This unit repre
sents the lowermost portion of the Blue Hill Member of the Carlile Shale and 
is succeeded in turn by moderately well laminated, gray, noncalcareous shale 
containing abundant gypsum crystals and septarian concretions. The concre
tions, as much as 3 ft (about 1 m) in length and 10-12 inches (25-30 cm) in 
thickness, are light to medium gray in color and are concentrated in three 
distinct layers within the shale. The lowermost of these layers is found 
approximately 50 ft (about 15 m) above the contact between the Greenhorn 
Formation and the Carlile Shale; the two uppermost layers are 6 and 12 ft 
(1.8 and 3.8 m), respectively, above this lower one. 

Well-formed gypsum crystals as much as 4 inches (10 cm) in length are 
common within the approximately 13-ft (4 m) interval which is characterized 
by septarian concretions. The largest and best formed crystals, as well as 
rosette clusters of crystals, are particularly abundant within the shale 
immediately adjacent to each concretion; smaller (0.02-0.04 inches [0.1-1.0 
cm]) crystals are widely distributed along both bedding planes and joint 
surfaces within this interval as well. 

Yellow jarosite occurs along bedding planes and joint surfaces of the 
shale within the gypsum- and concretion-bearing interval. Similar material 
also occurs within gray shale 16-26 ft (5-8 m) higher in the section. 

Overlying the gray shale is approximately ft (about 0.3 m) of 
orangish-brown to grayish-orange, noncalcareous, fine-grained sandstone. 
Brown clay partings, as well as well-indurated ferruginous siltstone occur 
within this interval. 

Light-gray 
interbedded in 

noncalcareous shale and minor 
the section above the sandstone. 
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the shale is unknown but may be as much as 50-65 ft (15-20 m), judging from 
the scattered exposures along the bank to the north. 

STOP 3b. Greenhorn Formation 

Location: SW 1/4, NW 1/4, sec. 1, T. 125 N., R. 49 W. (Peever NE 7.5-minute 
topographic quadrangle); elevation approximately 980 ft. 

To the north of Traverse County Park approximately 650 ft (200 m) of 
subhorizontal, gently undulating, interbedded chalk, siltstone, and slabby 
limestone of the Greenhorn Formation are well exposed along the 3 to 4 ft
high (about 1.0-1.5 m) lake bank. As with the Greenhorn Formation beds at 
stop 3a, these contain several thin beds of orange-brown bentonite; again, 
inoceramid fragments are common within the limestone. 

Vertical joints which trend N. 60°-70° E. are particularly well devel
oped in the limestone-dominated beds toward the northern end of this 
outcrop. 

STOP 4a. Dakota Rose Quarry--Cretaceous weathering surface on Precambrian 
granite; basal Upper Cretaceous clastic sedimentary rock units. 

Location: NW 1/4, SE 1/4, sec. 13, T. 120 N., R. 48 W.; elevation approxi
mately 1080 ft. 
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At this stop fossil-bearing marly shale, siltstone, and arkosic 
sandstone unconformably overlie Precambrian granite and gneiss. Al though 
quarrying operations (not to mention the earlier work of the Wisconsinan 
glaciers) have resulted in the removal of most of the cretaceous rock units, 
we may be able to find remnants (typically not more than a few meters in 
extent and rarely more than a meter in thickness) of the texturally and com
positionally heterogeneous sandstone, gray marls and shales. 

Of perhaps greatest significance and interest, however, are the abundant 
shark teeth and vertebrate remains which continue to be found here. Dis
articulated fish vertebrae (0.04-2.8 inches [1-70 mm] in diameter), bones, 
and scales are common, although typically confined to organic-rich horizons 
within the shale; articulated fish skeletons are also present but far less 
common. Teeth from fish-eating sharks are abundant in friable sandstones 
and represent at least three different species. Teeth of shell-crushing 
sharks and/or rays are found as well, and at least one specimen of a giant 
sea turtle (Desmatochelys lowii) has been reported (Sloan, 1964). Carbon
ized wood fragments are common, particularly in the coarser-grained facies 
Although rare, fragments or casts of brachiopods have been noted as well. 

STOP 4b. Steinerd-Rausch Quarry--Cretaceous weathering surface on Precam
brian granites; basal Upper Cretaceous clastic sedimentary rock 
units. 

Location: NW 1/4, NE 1/4, sec. 17, T. 120 N., R. 47 W. (Rosen 7.S-minute 
topographic quadrangle); elevation approximately 1080 ft. 

As with the previous stop we again find fossil-bearing shale, siltstone, 
and sandstone unconformably overlying Precambrian granite and gneiss. 
Although less is known about the vertebrate and other remains collected from 
this quarry, the overall assemblage is similar to that at the Dakota Rose 
Quarry 2 miles (3.2 km) to the west. 

Particularly well displayed at this quarry is the topography of the sur
face on which the Upper Cretaceous sediments were deposited. A gently undu
lating surface with knobs of exfoliating granite can be inferred; close 
inspection of the coarser grained facies confirms the local granitic source 
for much of the clastic detritus in the basal units. 

The two quarries sit astride a granitic upland which rose several hun
dred feet above the surrounding surface during Late Cretaceous time. Data 
generated by an extensive drilling program completed by the South Dakota 
Geological Survey indicate that the granite bedrock is several hundred feet 
lower wi thin several miles of the quarries, and that the topographic high 
represented by the granite knob may have had an upper surface area in excess 
of 10 square miles. 
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STOP 5. Redwood Falls area--Cretaceous units in clay pit. 

Location: NE 1/4, NE 1/4, sec. 3, T. 112 N., R. 35 W. (Redwood Falls 7.5-
minute topographic quadrangle); elevation approximately 980 ft. 
4 miles east of Redwood Falls on U.S. 71~innesota 19. 

Along the access road leading into the pit from the highway, buff to 
yellow, kaolinitic clay with relict igneous texture is exposed. Approxi
mately 30 ft (about 9 m) of Cretaceous rock is exposed in the main pit. In 
the lower part of the pit, there is 12 ft (3.6 m) of buff to white, massive 
kaolini tic clay with pisoli tes in the upper half. These clay units are 
similar to those described nearby in the Minnesota River Valley (Parham, 
1970). 

Above the kaolinitic clay in the south wall of the pit, gray to white, 
cross-bedded sandstone is interbedded with black, organic-rich, noncal
careous shale. Individual beds of sandstone and shale are 2-3 ft (0.6-1 m) 
thick and the sandstone beds show an upward increase in grain size. An 8-
inch-thick (20 cm), waxy green bentonite bed is found at the top of the 
interbedded sandstone and shale. Colluvium, till, and slumped material 
overlie the Cretaceous units in the high south wall of the pit. 
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OPTIONAL STOP. Springfield Clay Pit--A.C. Och's Brick and Tile Company 

Location: NE 1/4, sec. 26, T. 109 N., R. 35 W. (Sanborn NE 7.5-minute 
topographic quadrangle); elevation approximately 1050 ft. 
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Approximately 50 ft (15 m) of interbedded shale, siltstone, and minor 
sandstone is exposed in this pit. The shales are gray, varved, and contain 
sideritic concretions and pyrite nodules. The siltstone and sandstone are 
commonly siderite-cemented and have ripples. A lignite bed 1.5 ft (0.5 m) 
thick also occurs. Fossils from the pit include leaf impressions, shark 
vertebrae, ammonites, and evidence of bony fish, rays, and reptiles. A 
measured section and fossil list are available in Sloan (1964). Cobban and 
Merewether (1983) have suggested a late Cenomanian age for these rocks. 

Based on driller's descriptions and wireline logs, rocks very similar to 
those observed at this stop occur at Westbrook, Minnesota, about 25 miles to 
the southwest. Similar shale, siltstone, sideritic sandstone, and minor 
lignite sequences are reported. The assumption that these two occurrences 
are correlative allows us to view the outcrop within the larger context of 
the sequence at Westbrook which is 400 ft (122 m) thick (see A', Fig. 9). 
That sequence consists of a thin basal sandstone over Precambrian basement 
(unit 1, Fig. 9). The basal sandstone is overlain by a 230-ft (70 m) 
interval of interbedded shale, siltstone, and sandstone. These rocks occur 
within repeating coarsening-upward units 15-25 ft (5 to 8 m) thick with 
abrupt upper contacts marked by thin sideritic siltstone or sandstone beds. 
The remaining 150 ft (46 m) of the Cretaceous section consists of a uniform, 
noncalcareous, gray shale. It is suggested that the outcrop at Springfield 
consists of parts of two or more coarsening-upward units as seen at 
Westbrook. The coarsening-upward motif, the cyclicity, the rock types, the 
stratigraphic position, and the fauna all suggest interpretation as a 
deltaic depositional environment. 
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