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ABSTRACT 

Winona County, located in southeastern Minnesota, is part of a karst 
region in the upper Mississippi Valley. The karst is developing in flat
lying dolomitic Ordovician rocks . As part of a Minnesota Geological Sur
vey county atlas program, we have systematically field located sinkholes, 
and prepared a 1 to 100,000 scale map showing sinkhole locations and 
sinkhole ~robability . We located 535 sinkholes in Winona County 
C "- 1600 km ) • Most of these relatively small, geomorphically young 
sinkholes are not included in the USGS 7. 5 minute topographic maps and 
c annot be readily detected on air photos. The sinkhole density, while 
low compared to many karst regions was much greater than local, regional, 
and state land use plai:iners anticipated. 

New bedrock, surficial and hydrogeology maps of Winona County were 
used for correlation with the geographic distribution of the sinkholes. 
The primary control on the distribution of sinkholes appears to be the 
bedrock stratigraphy . The secondary controls, not necessarily in order 
of importance include slope of the land surface, and composition of sur
ficial materials. The . depth to the water table does not appear to have 
an important affect on sinkhole development. Age data indicate that the 
rate of sinkhole formation has significatnly increased in recent years. 

,-

Introduction 
Karst is an important geomorphic process influencing the landscape and hydrology of 

southeastern Minnesota. In Winona County, as in most of the region, the density and distri
bution of sinkhole0s varies enormously over small areas. The purpose of this work was to 
document the density and distribution of sinkholes in Winona County, and to relate that 
distribution to variations in bedrock geology, surficial materials, and/or hydrogeology. A 
second goal of this study was to produce a sinkhQ_le proba.bili ty map of Winona County that 
would aid state, county and local residents in dealing with the environmental problems asso
ciated with the karst region. 

The topography of Winona County is characterized by a gently rolling upland plateau 
inci~ed by deep valleys. The rolling upland, making up about 75 percent of the county, is 
underlain by dolomite and limestone. Numerous karst features, such as enlarged joints, 
sinkholes, springs, dry valleys, and caves have formed in the upland as illustrated in 
Figure 1. 

Few perennial streams flow across the upland plateau although there are many small dry 
valleys. Most of the surface water rapidly percolates into the fractured carbonate bedrock. 
This water eventually discharges from springs flowing from the Cambrian sandstones exposed 
in deeply incised valleys or directly into the Mississippi River. Water also emerges from 
the carbonate bedrock and sandstone escarpments on the upland. Water quality of the Prairie 
du Chien-Jordan aquifer, underlying the karst plateau shows high levels of surface con
taminants as is typical of karst. 

Southeastern Minnesota's karst is a fluviokarst in the classification system of Sweeting 
(1973). The fluviokarst is mantled with residuum and/or glacial tills to an average depth 
of 6 ~o 15 m. At the present time, most of the fluviokarst is actively being exhumed. 

Stratigraphy: Winona County's ; karst is forming in gently dipping Lower and Middle Ordo
vician dolomites and limestones. · Carbonate formations cap three bedrock plateaus separated 
by sandstone and/or shale escarpments. The stratigraphically lowest, and largest plateau is 
capped by the Prairie du Chien Group, consisting of the Oneota Dolomite, and Shakopee For
mation (Hobbs, 1984) ,, and contains the majority of the sinkholes in· Winona · County. Two 
smaller plateaus, capped by the Platteville and Galena Format r ons, h e found in southwestern 
Winona County. 

Geomorphology: Since the Cretaceous, the Paleozoic bedrock of Winona County has been 
exposed to tropical, glacial and ~emperate climates.. Although the age of the karst is 
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Figure 1. Typical karst and topography relationships 
in Winona County. 

unclear, it appears that karsti
fication began while south
eastern Minnesota was exposed to 
intensive weathering during the 
warm humid climate of the Late 
Cretaceous through Tertiary 
Periods (Sldan, 19641. 

The bedrock is mantled with 
an iron rich residuum which 
probably formed during the Ter
tiary as the St. Peter escarp
ment was eroded to the south
west, and the Prairie du Chien 
was exposed to weathering 
(Hobbs, 19841. The residuum 
appears to be pre-Pleistocene in 
age since it is stratigraphi
cally lower than the glacial 
tills found in the western two
thirds of the county. According 
to Hobbs (19841, the residuum is 
generally less than 2 m thick, 
but it reaches 100 m in deep 
depressions believed to be 
paleokarst sinkholes. 

Karst processes were gener-
ally inhibited during the 

Pleistocene. Pre-Wisconsinan glaciation of the western portion of the county eroded some of 
the residuum, and smoothed the irregular bedrock surface of the upland plateau, covering the 
karst with glacial till. According to Hobbs (19841, there appear to be two types of tills, 
a non-calcareous . till in the eastern half of the county, and a calcareous till which is 
locally leached in the western half of the county. Most of the upland is mantled with 
loess. There is, however, an area in the west central portion of the county where the loess 
was either never deposited or has been removed by some process. 

During the Pleistocene, the Mississippi River and its tributaries be~ame deeply 
entre_nched. This lowered the regional base level causing the upland plateaus to return to a 
more erosional stage. 

The karst is actively forming during the present temperate climate as the fluviokarst is 
exhumed. Both surface and groundwater are dynamic geomorphic agents. Surface streams have 
aided in lowering the bedrock surface as seen by erosion of the St. Pet~r escarpment which 
has retreated to the southwest, and by the deeply entrenched streams. M~teoric water, per
colating through organic soil and regolith, has dissolved the rock and increased the _rock's 
secondary permeability. The surface topography is returning to its ' previous irregular form 
as ' sinkholes reopen and expand their drainage basins, and surface streams dissect the 
landscape. ( 

Hydrogeology: The bedrock aquifers underlying Winona County are among the highest 
yielding aquifers in the United States (Hogberg, 19721. The water quality is generally 
good, except in the Prairie du Chien~Jordan aquifer where well water frequently exceeds the 
10 ppm nitrate-nitrogen drinking water standard. This dolomite-sandstone aquifer is the 
most wid~ly utilized and shallowest bedrock aquifer over most of the karst plateau , It has 
characteristics of both fractured - flow, and flow through porous media. 

The Prairie du Chien Group is mostly dewatered in the northea~tern half of the county 
where the water level is lowered by water discharging into the deeply entrenched Mississippi 
River drainage system. The Jordan Sandstone contains water throughout most of the county. 

Methods of Approach , , / 
The initial step in studying the sinkhole distribution in Winona County was to locate 

sinkholes. Since many of the sinkholes have been filled, and most of the open ones are less 
than 10 m in diameter (Figure 21, . only 20% of the depressions can be clearly identified on 
USGS topographic maps and air photos. Other sources of information on s~nkhole locations 
included the Minnesota Speleological Survey, and the American Soil Conserv!:ltion Service, 
which is currently preparing a Soil Survey of Winona County. 
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Figure 4. Sinkhole age 
distributions. 

The majority of the sinkholes were identified by systemati~ 
cally canvassing local residents living on the upland plateaus 
for information on sinkhole locations on their property or in 
the area. When a sinkhole was located in the field, physical 
characteristics and historical information was recorded. 

A sinkhole map was prepared in conjunction with the Min
nesota Geological Survey , county atlas program. New bedrock, 
surficial and hydrogeology maps of Winona County were also pre
pared at a 1 to 100,000 scale for the county atlai. Information 
was taken from each of these maps to describe the geology of 
each sinkhole. A data sorting computer program was used to ana
lyze the physical, historical, and geological parameters 
collected on each sinkhole. 

General Sinkhole Characteristics 
Detection of Sinkholes: One conclusion of this paper is 

that only a small fraction of the sinkholes in Winona County are 
identifiable on 7.5 minute USGS tbpographic maps or air photos 
-- the traditional tools of karst geomorphology. Of the 535 
sinkholes identified in Winona County, 85% were initially 
located through field checking (Figure 3). Prior to this study, 
Utica Township in western Winona County was widely recognized as 
having a high density of sinkholes. Even here, only 37% of the 
sinkholes were located by techniques other than field 
checking. In contrast, few people working with land use 
problems in the county realized that Pleasant Hill Township, in 
eastern Winona County, has sinkhole densities comparable to 
those found in Utica. All of these sink holes were located 
through field work. 

Age and Rate of Sinkhole Formation: Age information was 
obtained for 68% of the sinkholes. Sinkhole ages were divided 
into three age classes: young, < 6 years; intermediate, 6 to 25 
years; and old, > 25 years. The number of young sinkholes is 
the most accurate of the age classes because the sudden 
appearance of a new sinkhole is noted and remembered by local 
landowners. The number of sinkholes in the intermediate range 
was the most difficult age to - determine and is underestimated. 
When sinkholes appeared intermediate in age, the information was 
omitted unless landowners could verify the age. 

The age distribution CFigure 4) implies that the rate of 
sinkhole formation in Winon~ County has significantly increased 
in the last 50 years. Forty-seven of the 535 sinkholes l,ocated 
have formed in the last 5 years. At the present rate, 'v 9 per 
year, all of the sinkholes in Winona County could have formed in 
the last 58 years. Several of the sinkholes are documented as 
being over 100 years old and the .last known geologic event 
capable of covering all of the pa)eosinkholes was the loess 
deposition 10,000 to 12,000 years ago. Unless geomorphic pro
cesses fill sinkholes on a 50 to 100 year time seal•, the rate 
of sinkhole formation was much lower in the past. 

Aley et al. ( 1972), Foose and Humphreville ( 1979), Newton 
(1976), and Williams and Vineyard (1976) have documented many 
cases where human activities have locally increased the rate of 
sinkhole formation through a variety of mechanisms. The only 

~egionally significant human activity on the upland of Winona County is agriculture. 
Although,we are unable to specify the mechanisms, we conclude that on a regional scale human 
activities associated with agric~,lture have significantly increased the rate of sinkhole 
formation. 

Sinkhole and Sinkhole Probability Map 
Sinkhole locations and five catego•ries of continued sinkhole activity were identified on 

a Sinkhole and Sinkhole Probability Map (Dalgleish and Alexander, 1984). The regions of 
varying sinkhole probability were defined primarily by the observed sinkhole density. 
Bedrock, topographic, surficial, and hydrogeologic conditions were used when geologic 
controls of sinkhole distribution were c!early defined. 
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The five regions of sinkhole probability were defined as follows: 

No Probability - The surface area exposed in the deep valleys incised below the 
Prairie du Chien Group is not susceptible to sinkhole formation. 

Low - No sinkholes were detected and few if any sinkholes are expected to develop 
on the steep slopes of the Oneota Dolomite at the top of · the deeply incised 
valleys. 

Low to Medium - Areas where sinkholes are widely scattered with only small isolated 
clusters of 2 to 3 sinkholes. 

Medium to High - Sinkholes are generally moderately distributed with several 
clusters of 4 to 10 sinkholes. 

High - Overall the sinkhole density is relatively high with large clusters of more 
than 8 sinkholes. This region includes some smaller areas where sinkhole den
sities appear more similar to the medium to ·high region1 these areas ·were 
included because there was no indication of geologic or topographic differ
ences from the highly concentrated area to inhibit sinkhole formation. The 
differences in density are probably random variations in landscape"' develop
ment. 

Geological Controls on Sinkhole Formation 
Water Table: It appear- that sinkhole formation is generally independent of the depth 

to the water table. Sinkholes are almost evenly distributed above water table depths from 
12 to 104 m (Figure 5). Only two small peaks, which do not appear to be significant, are 
seen at 30. 5 to 36. 6 m and 79. 2 to 85. 3 m with 9% and 12% of all the sinkholes studied, 
respectively. It is possible that the water table depth is an additional factor aiding 
sinkhole formation where other controlling characteristics are already present. 
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Figure 5. Sinkhole distri
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water table. 
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Figure 6. Sinkhole density 
- bedrock units. 

Stratigraphy: The sinkhole density within each bedrock 
unit (Figure 6), shows that the Shakopee Formation has an 
overall sinkhole density of .68 ± .07 sinkholes/km2. This 
is about twice the sinkhole density found in the Oneota, and 
three times the densities found in the other formations. 
The Shakopee and Oneota are the most· susceptible bedrock 
formations to sinkhole development. 

Figure 7 shows the distribution of sinkholes as a func
tion of elevation above or below the New Richmond Sandstone, 
the lower member of the Shakopee. (The upper member is the 
Willow River Dolomite.) Most of the sinkholes have deve
loped in the stratigraphic range of the Shakopee and Oneota 
with a strong peak in the lower strata of the Willow River 
Dolomite, New Richmond Sandstone, and the upper Oneota Dolo
mite. Al though the bedrock was visible in only six of the 
sinkholes seen in the field, the New Richmond Sandstone was 
the exposed bedrock unit in four of the cases. The distri
bution of sinkholes between bedrock formations within each 
sinkhole probability area displays similar patterns with the 
majority of the sinkholes in the Shakopee for each area. 
Bedrock lithology is evidently the primary control on , sink
hole formation, while other factors control the relative 
density of sinkholes, within the Shakopee and Oneota. 

Surficial Geology: Hobbs (1984) has identified five 
surficial units in Winona County: 

Q-RL - Thick loess over residuum. 
QRTL - Thick loess over older non-calcareous till and 

residuum. Residuum and till thins to the east. 
QSCL - Thick loess over calcareous till, locally 

leached. Loess and till and patchy on slopes. 
QSCS - Thin sand and till over bedrock . wfth lit~le or 

no loess cover. 
QSCP - Moderately thick, . 5 to 3 m, loess over . patchy 

over patchy till on the plateau · the St. Pe'ter 
escarpment. 
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Stratigraphy and Surficial 
Geology: As illustrated in Figure 
9, not all combinations of sur
f icial and bedrock geology are 
present in Winona County. Two 
stratigraphic-surficial combina-
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Figure 7. Sinkhole distribution vs. Stratigraphic 
position. 

sinkhole densities. The first 
combination is in the Shakopee 
Formation where it is covered by 
QSCS, a locally leached ti 11 
without loess. The density is 
2. 23 + • 34 sinkholes/km2. This 
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·area is located on the upland plain within the regional recharge 
zone which may aid additional sinkhole development. This com
bination falls entirely within the high sinkhole probability area. 
The second combination is the Oneota covered with calcareous till 
and loess, QSCL. The density is 2.38 ±. .67 sinkholes/km2. This 
combination - is considered less significant since it includes only 
5.9 km2 and 14 sinkholes. Most of this combination is on gentle 
slopes near the edge of the Prairie du Chien plateau. The calcium 
c;_arbonate in this area may be more leached than in central areas 
of the plateau, due to more surface water flowing toward the pla
teau's edge. 

The Shakopee Formation mantled with residuum and loess has a 
density of 1.33 ±. .21 sinkholes/km2. Where the Shakopee is cover
ed with loess, non~calcareous till, and residuum, QRTL, the den
sity is .86 ±. .11 sinkholes/km2 . These combinations have medium 
sinkhole densities. 

Discussion 
J BEDROCK UN IT The lower Shakopee, and in par

ticular the New Richmond Sandstone, 
appears to be the bedrock strata most 
conducive to sinkhole formation. Con
sidering that the majority of the 
sinkholes in each sinkhole probability 
area has formed in these strata~ it 
appears that regardless of other con
trols on sinkhole formation, strati
graphic position is the primary geologic 
control. 
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Figure 9 . Sinkhole density - Surficial and 
bedrock units matrix, combinations 
do not occur where there/ are blanks. 

mond will not be totally neutralized 
when it contacts the Oneota Dolomite 
since the New Richmond Sandstone con
tains only a small proportion of calcium 
carbonate. It appears that aggressive 

nelled to the Oneota Dolomite. This 
dissolving the bedrock along joints in 
enlarged, the New Richmond Sandstone 
block diagram (Figure 21. 

water collects in joints of the New 
Richmond Sandstone which is then chan

system directs aggressive water, capable of further 
the Oneota Dolomite. As the joints in the Oneota are 
collapses into the Oneota Dolomite as shown in the 
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The density of sinkholes is not constant over the areas where the New Richmond Sandstone 
is the uppermost bedrock~ therefore, other geologic controls must be affecting sinkhole for
mation. Surficial geology appears to have an impact on sinkhole development. Another fac
tor to consider with the type of surficial materials is the age of the bedrock surface. In 
Winona County, the age of the bedrock surface generally decreases to the west, as the car
bonate content of the surficial material increases. 

The sinkhole density is greater in areas where carbonate concentrations are low or 
absent in the surficial material. Water percolating through non-calcareous sediments wi+l 
be more aggressive, when it contacts the Oneota Dolomite than water percolating through 
calcareous sediments. In .contrast, a few sinkholes have developed in calcareous tills, 
which Hobbs (1984) reports to be locally leached. It remains to be proven if the sinkholes 
preferentially form in areas that are leached in the calcareous tills. It seems probable 
that more water has percolated into places where sediments are locally leached than into the 
surrounding calcareous sediments. If this is true, it is reasonable to suspect that the 
additional aggressive water will preferentially dissolve the bedrock allowing sinkholes to 
form. 

Since the Prairie du Chien bedrock surface appears to decrease in age to the southwest, 
the northeast has been exposed to weathering for a longer period of time. This implies that 
the paleokarst surface is progressively younger to the southwest. The irregular paleokarst' 
surface probably directs water percolating through the sediments into previously enlarged 
joints and sinkholes. 

Paleokarst sinkholes would not only provide additional water for further dissolution of 
the rock, but the increased volume of water would be capable of transporting sediment deeper 
into the bedrock. As sediment is transported deeper into the bedrock, cavities will form 
due to piping, eventually resulting in surface collapse or subsidence. Initially sinkholes 
may open in sites of paleosinkholes. Once the renewed sinkhole opens surface water may be 
channelled toward that area causing additional collapses. This process is more evident in 
eastern Winona County where there are wide shallow depressions with small almost vertical 
holes in the center. 

It appears that the bedrock, paleokarst surface, 
twinned controls on sinkhole formation in Winona County. 
factors probably varies throughout the study area. 

and surficial material are inter'
The relative importance of these 

Conclusions 
1. Traditional tools for sinkhole detection, topographic maps 

adequate in areas with low to moderate densities of small sinkholes. 
in such areas must be done from field studies. 

and air photos, are not 
Detection of sinkholes 

2. Age data indicate that the rate of sinkhole formation has significantly increased in 
recent years. 

3. Depth to the water table does not appear to control sinkhole formation in Winona 
County. 

4. Stratigraphic position is a primary control on sinkhole development. 

5. Surficial deposits are a secondary control, and significant carbonate contents 
inhibit sinkhole formation. 
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