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History:

The Yellow Medicine County Local Water Management planning process of addressing
priorities has included the following actions:

November 20, 2002: The Water Plan Coordinator sent a request to various local and
state agencies to submit priority concerns that they would like to see addressed in the
Water Plan. Comments were received from the Department of Agriculture, Redwood-
Cottonwood Rivers Control Area, Minnesota Pollution Control Agency, Minnesota
Department of Health, Department of Natural Resources, US Fish and Wildlife Service,
Board of Water and Soil Resources, Yellow Medicine River Watershed, Yellow
Medicine Soil and Water Conservation District, City of Clarkfield, Yellow Medicine
County Ditch Inspector and the University of Minnesota Extension Service.

December 4, 2002: A letter was sent to all cities and townships within the county,
adjacent counties, rural water systems, watershed districts, county highway department,
RCRCA, UMVRDC, Area II, BWSR, SWCD and the Yellow Medicine County Ditch
Inspector.  The letter informed them of Yellow Medicine County’s intent to update the
local water plan and requested a copy of existing plans and a list of priority concerns that
they would like to see included in the Plan.

December 2002: A survey was included in the December issue of the Water
Quality/Quantity newsletter. This newsletter/survey was sent to every resident in Yellow
Medicine County. Residents were instructed to identify their top ten environmental
concerns. Fifteen responses were received.

January 29, 2003: An issues identification meeting was held in Marshall, MN. The
meeting was attended by representatives from the Minnesota Department of Health,
Department of Natural Resources, US Fish and Wildlife Services, Board of Water and
Soil Resources, Natural Resources Conservation Service, Lincoln Pipestone Rural Water,
Soil and Water Conservation Districts and Lincoln County and Yellow Medicine County
staff. Comments received were discussed and new issues were identified.

February 25, 2003: The Yellow Medicine County Water Task Force held a public
hearing to receive input from the general public, cities, townships and local government
agencies. There were three members of the public in attendance.

April 30, 2003: The Yellow Medicine County Water Task Force convened to review and
discuss the issues identified at the various meetings that had been held and

correspondence that had been received. At this meeting the priority concerns were
drafted.



RESULTS:

Written responses to the November 20, 2002 and December 4, 2002 request for priority concerns
include the following comments:

Minnesota Pollution Control Agency (MPCA) - Feedlots, TMDL's, ISTS, Unsewered
Areas and Storm Water

Minnesota Department of Health (MDH) - Wellhead protection

Minnesota Department of Natural Resources (DNR) - Wildlife- Wetland Restoration
US Fish and Wildlife Service (USFWS)- Morris Wetland Management District -
Wetland and Prairie Restoration, Protect existing wetland and native prairie habitats, Flood
control and water quality improvement

Minnesota Department of Natural Resources (DNR) - Waters - Water quality, drainage,
groundwater quality and availability, stream/river stability and restoration

Board of Water and Soil Resources (BWSR) - Integrate plans, address run-off volume,
protect groundwater resources.

Minnesota Department of Agriculture (MDA) - Feedlots, manure management, erosion
control

Yellow Medicine Soil and Water Conservation District (SWCD) - Promote and enhance
surface water quality by reducing the amount of sedimentation and pollutants entering the
County’s lakes, streams, rivers and wetlands; protect surface and groundwater supplies from
contamination caused by point and nonpoint pollution; preserve existing wetlands and restore
legally drained wetlands having potential for flood damage reduction, wildlife, recreational,
and groundwater recharge benefits.

Yellow Medicine River Watershed District (YMRWD) - Nutrient management, protect
and improve existing surface and ground water quality, river bank restoration, erosion
control

City of Clarkfield - Well sealing, groundwater and surface water protection, wellhead
protection

Yellow Medicine County Ditch Inspector - Prevent soil erosion

Yellow Medicine County Extension Service - Environmental education

Fortier Township - no concerns

The comments and concerns listed above were discussed at the issues identification meeting held
on January 29, 2003, in Marshall, MN. Additional discussion also took place and in summary,
the concerns were categorized into the following:

Restorable Wetlands Inventory

Reduce priority pollutants with Best Management Practice (BMPs) emphasis
Drainage

Education

Intergovernmental Cooperation

Recreation, Tourism, Fisheries & Wildlife

Groundwater Protection



A survey was placed in the December 2002 Water Quality/Quantity newsletter. The newsletter
was sent to every household in the County. The survey consisted of a list of concerns and issues
related to water. There was also an opportunity for respondents to offer their own suggestions or
concerns. The following are the results of the survey, in order of importance, as rated by those
who responded.

Protect ground water supplies from contamination

Protect surface water from contamination

Reduce the amount of sedimentation entering the County’s lakes, streams and rivers
Promote the use of BMP’s

Promote the proper use of household hazardous waste, pesticides, etc.

Preserve existing wetlands

Bring feedlots into compliance

Identify sensitive geologic areas which may cause groundwater contamination
Restore drained wetlands that have flood damage reduction or wildlife and recreational
benefits

Improve flood control efforts

Increase and enhance the recreational use of waters of Yellow Medicine County
Work with landowners to test their private wells

Properly seal abandoned wells

Address illegal dumping of solid waste and demolition debris

Clean up unpermitted junk yards

Identify and remove underground storage tanks

Bring non-conforming individual sewage treatment systems into compliance
Provide municipalities with assistance in developing a wellhead protection plan
Reduce the amount of wind erosion on severely erodible acres

Assist in the construction of flood damage reduction structures
Limit/remove/reduce development of agricultural uses in flood prone areas

Expand surface and ground water monitoring

Increase the number of acres of native prairie in the County

Provide support for the development of nutrient/manure management plans for feedlots

Issues identified at the public hearing include tree removal from the waterways in the County,
septic systems, feedlots and best management practices.

Setting the Priority Concerns for Yellow Medicine County:

The Yellow Medicine County Water Task Force determined from the above concerns that the
focus for the next five years would be the following:



1. Groundwater Protection: aiding public water suppliers with the development of wellhead
protection plans and by providing assistance to help manage vulnerable areas from potential
contamination sources.

2. Erosion and Sediment Control on agricultural lands located in the Yellow Medicine and Lac
qui Parle Watersheds.

3. Reduce priority pollutants, nutrients and bacteria, related to feedlots and non-conforming
individual sewage treatment systems.

4. Manage flooding and its’ effects minimizing losses associated with the flooding of
agricultural lands.

5. Surface water and drainage management by addressing runoff volume and water quality
deterioration due to excessive runoff.

These five issues will be the focus in the creation of the goals, objectives and an implementation
plan.

The following issue will not be addressed within the scope of the Local Water Management Plan
are:

¢ Integrate County land use plans with the water plan and develop one implementation
strategy.
The Yellow Medicine County Comprehensive Land Use Management Plan is outdated,
however, because of budget concerns the County does not plan to update this document in
the near future. The Water Task Force has chosen to keep the documents separate but will
utilize the existing document any way possible and will work closely with the Yellow
Medicine County Zoning Office in the development and implementation of the Local Water
Plan.

e Identify and remove underground storage tanks.
This will not be addressed due to lack of funding.

e Address illegal dumping of solid waste and demolition debris and the clean up of
unpermitted junk yards.

These issues will be handled by the Environmental Office and the Zoning Office.
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SURFICIAL GEOLOGY

By
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DESCRIPTION OF MAP UNITS

HOLOCENE AND LATE PLEISTOCENE
- Organic deposits—Peat and sediment deposited in marshes and shallow lakes.
Typically found in depressions interpreted to have formed through melting of
buried glacial ice and along former glacial stream channels. Some deposits have

been drained.
L ake sediment—Clay, silt, marl, and some organic material. The basins are commonly
shallow (less than 10 feet deep), and the sediment may be thin; some basins

have been drained.

Stream sediment—Stratified layers of silt, clay, and sand; some organic material.
The sediment is coarser in the Minnesota River channel. Commonly located
along glacial stream channels, where it may bury and incorporate coarser glacial
stream sediment. The unit is not shown in narrow channels, although it is present
to some extent wherever a modern stream flows. The unit includes the steep
side slopes of channels, especially along the Minnesota River, where very little
stream sediment is preserved. Rather, older units are exposed in bluffs, and
colluvial sediment covers less steep slopes.

Stream sediment of Glacial River Warren—Stratified sand and gravel; commonly
forms bars that protrude above Holocene stream sediment (map unit Qsh) in the
River Warren gorge (Fig. 2). The unit is predominantly found where the river
reworked existing deposits of sand and gravel. Glacial River Warren was mostly
an erosive stream and created erosional (strath) terraces that have boulder lags
at the surface.

PLEISTOCENE
DEPOSITS OF THE BIG STONE PHASE OF THE RED RIVER LOBE
(LATE WISCONSIN)

Till of the Big Stone moraine—Till that contains lenses of sorted sediment and
blocks of incorporated clayey lake sediment. Till texture and lithology are highly
variable. Texture of the till matrix isloam to clay; yellow-brown where oxidized,
gray where unoxidized. Clast rock types include carbonate, crystalline rock, shale

(from none to 50 percent of the coarse sand fraction), and some lignite.

The unit is acomplex of tills that were deposited along ice fronts that advanced
into glacial Lake Benson (Figs. 1b and 2). The first advance to this position
was probably of the Des Moines lobe, but the later advances were of the Red
River lobe. Although the Red River lobe followed a path similar to that of the
Des Moines lobe, its clast content and pattern of retreat indicate it originated in
a different part of the ice sheet (directly north rather than north—-northwest of
the study area; Figs. 1laand 1b). The unit includes areas where |obate bodies of
till, interpreted as flow tills, extend from the position of the former ice front (along
the Big Stone moraine) into glacial Lake Benson (shown on map by fan symbol).
Arcuate ridge crests mark the eastern extent of the moraine (crest line of moraine
symbol; see Description of Map Symbols); they may be small push moraines.
Elsewhere, the moraine has an irregular, extremely pitted surface, and the till
contains many boulders. Pits are interpreted to have formed by burial and
subsequent melting of small blocks of ice, possibly lake ice. Boulders are
interpreted to have been incorporated locally from nearby granite outcrops. Linear
depressions trending south and southeast through the moraine are interpreted to
represent collapsed drainageways that eroded through or beneath debris-laden ice.

Till with stream-modified surface—Till modified by flowing water; fluvially eroded
and streamlined in places. Till texture, lithology, and color are as above (till of
the Big Stone moraine; map unit Qtbr). Locally overlain by thin lag of sand and
gravel or covered by silt and clay. Channel scars are common; channels may
localize organic deposits (map unit Qoh), lakes, and modern streams and flood
waters. Stipple indicates areas that collapsed after stream modification, probably
from meltout of buried ice; the resulting topography is irregular.

DEPOSITS OF THE ALTAMONT, MARSHALL, GARY, ANTELOPE
— AND YOUNGER PHASES OF THE DES MOINES LOBE (LATE WISCONSIN)
L ake sediment of glacial L ake Benson—Silt, clay, and some fine sand; rhythmically
{0, laminated in places. Upper part of unit is commonly a massive silt. The thickest,
most continuous lake sediment is found in the northeastern quadrant of the former
lake, where the lake may have survived longer after the southern part of the
basin was drained. A discontinuous distribution of lake sediment in lake margins,
ice-supported inlets and outlets, and a lack of clear shoreline features indicate
that the lake was confined by stagnant ice. Minor linear ridges and small channels
in the basin are interpreted to have formed beneath stagnating ice. Stipple indicates
areas of collapsed lake sediment, which isinterpreted as originating from meltout
7 of buried ice; the resulting topography is irregular.

Delta sediment of glacial Lake Benson—Sand, gravel, and silt deposited by streams
— entering glacial Lake Benson. The largest deltas formed at the mouths of the
Pomme de Terre and Chippewa Rivers. Minor deltas are located (1) on the
northeastern side of the basin where the East Branch Chippewa River entered
it (Swift Falls delta; Fig. 2); (2) at a higher elevation south of the East Branch
Chippewa River where some small streams entered during a higher stage of the
lake (within the Kerkhoven washed-till plain; Fig. 2); and (3) where Tenmile
Creek entered the southwest part of the basin (Boyd delta; Fig. 2). Stipple indicates
collapsed delta sediment, areas where a delta apparently formed on a buried glacier

and possibly on lake ice; the resulting topography is irregular.
- Subglacial till—Dense, homogeneous till of the Marshall, Antelope, and younger
phases of the Des Moines lobe. Texture of till matrix is loam to clay loam.
Clast rock types include carbonate, crystalline rock, shale (average proportion

for Marshall phase, 20-30 percent, for Antelope phase, 30-50 percent), and some
lignite. Till surface has low relief. Locally overlain by thin (about 10-20-feet
thick), discontinuous, supraglacial and englacial sorted sediment and till that
typically form linear ridges. The sediment is interpreted to have been localized

by crevasses in stagnant ice.

Till with lake-modified surface—Till that has at its surface a discontinuous, silty,

clayey cap or acoarser, near-shore sediment. Till of all phases of the Des Moines
lobe and the Big Stone phase of the Red River lobe, and, possibly, older glacial
sediment are affected. Till texture, color, and clast lithology are similar to
surrounding unit. The till surface has low relief. Erosion may have removed
fine sediment, leaving alag of clasts at the surface. Shorelines are locally marked
by very low escarpments, beach ridges, or deltas (sediment of map unit Qdb).

Till with stream-modified surface—Till modified by flowing water; fluvially eroded
and streamlined in places. Till of al phases of the Des Moines lobe and, locally,
older glacial sediment are included in this unit. Matrix texture, color, and clast
lithology are similar to the original till unit before erosion. Locally overlain
by athin lag of sand and gravel or covered with silt and clay. Channel scars
are common. Channels may localize organic deposits (map unit Qoh), lakes,
and modern streams and flood waters. After stream modification, channels may
have collapsed from meltout of buried ice.

Till of the Antelope moraine—Till that forms a low, broad ridge. Matrix texture
isloam to clay loam; yellow brown where oxidized, gray where unoxidized. Clast
rock types include carbonate, crystalline rock, a moderate to large proportion
of shale (30-50 percent), and some lignite. The Antelope-phase ice margin is
otherwise indicated by deposits of ice-marginal and ice-supported streams
(Antelope Hills and Big Tom hills ice-supported-stream ridges; map unit Qssd;
see also Fig. 2).

Till modified by slope processes—Till along the slope of the Coteau des Prairies
(aglacial erosional scarp); modified by slope wash, mass movement, and ice-
marginal streams. Matrix texture is loam to clay loam; yellow-brown where
oxidized, gray where unoxidized. Clast rock typesinclude carbonate, crystalline
rock, alow to moderate proportion of shale (10-20 percent), and some lignite.
In the map area, this part of the Coteau slope was exposed after the Gary phase
of the Des Moines lobe, but older units, including pre-Late Wisconsin units,
may be exposed locally.

Hummocky till—Till that has an irregular surface expression and contains
discontinuous lenses of clay, silt, sand, and gravel. Clast rock types include
carbonate, crystalline rock, alow to moderate proportion of shale (10-20 percent),
and some lignite. Unit isinterpreted to have been deposited during the Altamont
and Gary phases of the Des Moines lobe on and beneath stagnant, wasting ice,
and it may have been subject to repeated mass movement during deposition.
Unit includes small areas of supraglacial lake and stream sediment. Much of
the relief isinherited in the northeast corner of the map area: thetill there buries
an older moraine of an ice advance from the northeast, and the till texture reflects
the more sandy till of the underlying Alexandria moraine (Alexandria highlands;
Fig. 2).

Stream sediment—Sand and gravel deposited by meltwater issuing from stagnating

or receding ice of the Altamont and younger phases of the Des Moines lobe.
Includes sediment of contemporaneous nonglacial streams, as well as younger
and finer glacial and postglacial stream sediment. Broadly arcuate streams delimit
former ice-margin positions (Marshall phase, Antelope phase, and possibly younger
phases).

Stream sediment formerly supported by ice—Ridges of sand and gravel deposited
by streams; some glacial sediment was deposited by gravity flow into channels.
Interpreted to have been deposited in channels that were walled, supported, or
enclosed by ice (eskers in the broadest definition of the term). Melting of ice
may have led to local disruption of bedding. A significant amount of unsorted,
glacial sediment may overlie the sorted sediment. Areas of this unit too small
to delineate at the map scale are indicated by aline symbol (minor linear ridges;
see Description of Map Symbols).

Stream sediment overlain by lake sediment—Similar to stream sediment (map
unit Qsd) but buried by thin layers (generally less than 10 feet thick) of clay,
silt, fine sand, and organic deposits. Streams flowing down the Coteau des Prairies
slope deposited fans (for example, Canby fan; Fig. 2) that blocked streams flowing
southeast between the base of the slope and the ice margin. The unit is also
present where glacial streams backed up owing to some other type of constriction.

Sediment of ice-walled glacial lakes—L ake sediment in a high topographic position.
Deposited in pools in stagnant ice. Fine sediment (clay and silt) may be
rhythmically bedded near former lake centers; minor amounts of sand and gravel
are present along former lake rims. Unit commonly contains thick, till-like, debris-
flow deposits. Forms flat-topped circular uplands within hummocky till terrain
in the southwest and northeast corners of map area.

PROTEROZOIC AND ARCHEAN

Gneiss and granite, undivided—Archean quartzofeldspathic gneiss; granitoid
intrusions and low-grade greenstone belts. Exposed mostly along the bottom
of the Glacial River Warren channel (present-day Minnesota River Valley), where
overlying glacial sediment and weathered rock (saprolith) have been eroded.
Saprolith is still preserved in some protected locations. The smoothly undulating
rock surface is interpreted to have formed through chemical weathering while
the rock was buried by thick regolith. Glacial and fluvial erosion selectively
stripped away the regolith but has made only the minor modifications to the rock
surface of striae, crescentic fractures, polish, and potholes.

Holocene

Late QUATERNARY
Wisconsin Pleistocene
major

unconformity

PROTEROZOIC
AND ARCHEAN

DESCRIPTION OF MAP SYMBOLS

__— Geologic contact—Approximately located; established from aerial photographs,
geomorphology, and examination of surficial material and soil maps.

7 Scarp—Ticks point down scarp; established from aerial photographs and
topographic maps. Where paired, interpreted as former drainageway. Not
indicated where scarp coincides with stream-related unit. In places,
drainageways contain organic material, lake sediment, and stream sediment;
the deposits are commonly too small in area, too thin, or too discontinuous
to map. Former drainageways may locally control the direction of present-
day surface and near-surface water flow, especially flood waters. Scarps shown
on the Kerkhoven washed-till plain (Fig. 2) are interpreted as having been
lake cut and therefore represent former shorelines.

Deep, broad, irregular trough—Interpreted as collapsed subglacial channel
:» (tunnel valley) or buried valley. Some troughs now contain long narrow lakes,
such as Lake Hendricks in the extreme southwest corner of the map area.
Fan-shaped sloping hill at mouth of channel—Interpreted to be an alluvial

fan (for example, Canby fan; Fig. 2) or adeltainto a lake (Boyd delta; Fig.
2) composed of sand, gravel, and silt. Where shown on till of the Big Stone
moraine (map unit Qtbr), the symbol indicates a fan-shaped lobe of till (not
sorted sediment) that flowed into the lake basin.
-—o—o Crest line of moraine.
Minor linear ridges—Discontinuous ridges that are generally less than 15 feet
\ high. Visible in areas of thin supraglacial debris. Texture varies from till
\ \\ that is slightly coarser than is found in surrounding area to sand and gravel.
Chaotic and collapsed deposits. Interpreted to be sediment localized by low
areas, such as crevasses and supraglacial stream channels, in the disintegrating
glacier and along the ice margin.
>  Steep-sided mound of sorted sediment (kame)—Stream sediment deposited
on, beneath, or along wasting ice that subsequently collapsed as the ice melted.
O Circular depression—Small, generally circular pit that may contain water, lake
0 sediment, or peat, depending on the local water-table elevation. Interpreted
to have formed through melting of buried chunks of ice. Very common in
certain parts of the Big Stone moraine.
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INTRODUCTION

The Upper Minnesota River Basin Regional Hydrogeologic
Assessment focuses on ground-water occurrence, movement, and
chemistry on a regional scale. The study area spans a large portion
of the Minnesota River headwaters. The Minnesota River bisects
the study area from northwest to southeast. The aquifers within
and beneath the fine-grained sediments provide most domestic
water supplies. The significant fraction of readily soluble minerals
in these sediments helps to explain the high dissolved mineral
content in ground water for most of the aquifers in the area. Data
collected from 84 wells included general water chemistry;
radioactive isotopes of hydrogen and carbon; and stable isotopes
of sulfur, hydrogen, and oxygen.

GROUND-WATER OCCURRENCE
AND MOVEMENT

Water Table

‘Water infiltrating the land surface moves generally downward
through unsaturated soil and geologic materials. This water
eventually reaches the water table, which is the surface that
separates saturated sediments from overlying unsaturated sediments.
The water table is commonly referred to as an unconfined surface;
this means the pressure exerted on this surface is equal to
atmospheric pressure. Most wells in the region, however, are
completed in buried aquifers that generally have water that is
under greater than atmospheric pressure. These buried aquifers
are referred to as confined aquifers.

Contour lines on the map provide a regional depiction of
the water-table surface. Delineation of the water-table contours
relied on information available in the County Well Index (CWI)
data base maintained by the Minnesota Geological Survey,
including depth to water measurements taken when wells were
drilled. Since only 6 percent of the wells listed in the data base
for this study area are screened in a water-table aquifer, and these
few wells are geographically limited, additional information was
needed to determine depth to the water table. Water-table elevations
were inferred where the water table is expressed at some lakes,
streams, and wetlands. The water elevations for these features
were obtained from U.S. Geological Survey (USGS) 1:24,000-scale
topographic maps. Depth to water table was also determined using
seismic refraction, which measures differences in the physical
properties of saturated and unsaturated geologic materials to locate
the water-table surface. Results obtained from eight locations
show areas with low-relief topography generally have a shallow
(less than 20 feet below land surface) water table, while high-
relief areas have deeper water tables, sometimes more than 50 feet
below land surface. In most of the study area, the water table
approximates a subdued surface topography. Contours of surface
elevations generated from the USGS 1:24,000-scale Digital
Elevation Model (DEM) were used to guide placement of the
water-table contours.

Flow arrows on the water-table map illustrate the regional
ground-water flow directions in the near-surface geologic sediments.
The rate of ground-water flow depends on the ability of these
sediments to transmit water (hydraulic conductivity) and the slope
of the water-table surface (hydraulic gradient). The mapped
geologic materials shown on Plate 1, Part A, can be subdivided
into two general categories: the more permeable sand and gravel
stream deposits (speckled pattern on the map) and less permeable
loam to clay tills or lake deposits. The actual rate of ground-water
flow through geologic materials in the two permeability categories
is determined by the hydraulic gradient, which is reflected in the
spacing of the water-table contours. More closely spaced contours
indicate a steeper hydraulic gradient and faster
ground-water movement.

Aquifers

Aquifers are porous and permeable geologic materials that
yield sufficient quantities of water to wells for the intended use.
Most wells in the study area are completed in Quaternary sand
and gravel deposits. Locally important aquifers include Cretaceous
sandstones and fractured Precambrian bedrock. Precambrian
igneous and metamorphic rocks underlie the entire study area.
Few wells are completed in Precambrian rocks because the yields
are generally poor. They are used only when overlying Quaternary
or Cretaceous aquifers are either absent or do not yield sufficient
water for the intended use. The supply potential for Precambrian
aquifers generally ranges from a few gallons per minute (gpm) to
several tens of gpm. Wells are often drilled deeply into the
Precambrian rocks in order to intersect as many fractures as
possible and to provide storage space for water between pumping
intervals. Less than 2 percent of the wells listed in CWI are
completed in Precambrian rocks, and most of these wells are
found along the Minnesota River in the southeastern part of the
study area.

Cretaceous sediments overlie Precambrian rocks in
approximately half the study area (see Figure 3 on Plate 2, Part
A) and are generally found southwest of the Minnesota River.
Cretaceous sediments consist of interbedded shale, siltstone, and
sandstone and have thicknesses mapped by Setterholm (1990)
exceeding 600 feet southwest of the City of Canby in Yellow
Medicine County. Approximately 12 percent of the wells in CWI
are screened in Cretaceous sandstones; these wells range in depth
from less than 50 feet to more than 400 feet below land surface.
Wells completed in Cretaceous aquifers are common in areas
where the overlying Quaternary aquifers are absent or lack sufficient
yield. Woodward and Anderson (1986) reported that yields for
Cretaceous aquifers are generally from a few gpm to several
tens of gpm.

During the past 800,000 years, several glacial advances have
deposited a complex series of glacial sediments that are more than
600 feet thick in northern Lincoln County and eastern Swift
County. In the rest of the study area, the sediments are generally
less than 300 feet thick. Most of these deposits are glacial tills,
which are unsorted mixtures of clay, silt, sand, and gravel. Other
important sediments include lake deposits, which primarily consist
of clays, silts, and a few fine sands. Some of the most extensive
lake deposits are associated with glacial Lake Benson. Rittenour,
Geiger, and Cotter (1998) interpreted glacial Lake Benson to have
a maximum depth of 60 feet; therefore, the lake sediments are
less than 60 feet thick. During each glacial retreat, meltwater
streams from the glaciers deposited sands and gravels, generally
referred to as outwash. Some of these deposits formed networks
of long, narrow meltwater channels, while others were more
widespread such as the delta deposits. Subsequent glacial events
buried these potential aquifers beneath confining materials,
including tills and lake sediments.

Thicknesses of the outwash deposits vary from a few feet
to more than 100 feet in some locations. A median thickness of
approximately 8 feet was determined using CWI well log
information for both surficial and buried outwash deposits. In
plan view, outwash deposits commonly occur in dendritic patterns
that reflect their deposition by streams. In cross-section, outwash
deposits appear as lenticular, thin, and discontinuous, but they
commonly yield enough water for domestic water needs. Most of
the wells listed in CWI are completed in buried outwash deposits.
Buried aquifers are indicated on this map where they are at least
20 feet thick and information is sufficient to determine their areal
extent. These aquifers are color-coded according to stratigraphic
position to match the aquifer classifications in Figures 3, 4, and
5 on Plate 2, Part A. The last glacial retreat deposited surficial
sand and gravel mapped as either stream or delta sediment on
Plate 1, Part A. Approximately 25 percent of the study area is
mapped as having sand and gravel at or near the land surface
(speckled pattern on the map). Few wells are completed in these
deposits because most of the sediments are too thin to provide a
useable water supply. In addition, the sediments are commonly
associated with floodplains, which have building and well
construction limitations. Some of the thickest deposits, sometimes
exceeding 50 feet, are located near the City of Appleton and along
the Pomme de Terre River. Most of the irrigation wells in the
study area are completed in deposits at these locations. Yields of
wells completed in Quaternary deposits are extremely variable
primarily because of variations in aquifer thickness and areal
extent and hydraulic properties of aquifer materials. Quaternary
aquifers will generally yield less than 100 gpm (Kanivetsky, 1978).
However, numerous wells, especially near the City of Appleton,
have yields from several hundred gpm to more than a thousand gpm.

Recharge and Discharge

Recharge to the water table occurs throughout the study area
by infiltration of precipitation, surface runoff from areas of lower
to higher infiltration, and subsurface ground-water movement
from adjacent areas. Sources of recharge include some lakes and
wetlands and short reaches along stream segments. Water-table
elevations fluctuate in response to seasonal variations in recharge
to and discharge from the ground-water system. Spring rain and
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snowmelt are major sources of recharge to surficial aquifers and
cause water levels to rise significantly. During the summer,
evapotranspiration uses most of the available precipitation and
recharge to the water table is negligible. When recharge does
occur in the summer, it likely coincides with significant rainfall
events. Recharge can also occur in the fall, depending on rainfall,
runoff, and evapotranspiration rates. Water levels decline in the
winter, when precipitation is stored on the land surface as snow,
and typically reach a low point before spring thaw.

Recharge amounts to the water table in surficial sand and
gravel aquifers in Swift County were estimated by Delin (1986)
using hydrographs from 12 observation wells. Annual average
recharge estimates ranged from 1.2 inches to 15.1 inches and
averaged 6.0 inches. This average is consistent with the findings
by Larson (1976) that showed recharge estimates for the same
region of 8.4 inches and 5.0 inches for 1972 and 1973, respectively.
The recharge amounts to buried aquifers are much less.
Exponential increases in ground-water age with well depth
observed in this study support this conclusion. For example,
if the average annual recharge amount of 6 inches were applied
to buried aquifers, the residence time of water in these aquifers
would be only a few decades to a few hundred years old. In
fact, however, several samples from buried aquifers were age-
dated to several thousands of years. Factors determining the
amount of recharge to buried aquifers are the vertical hydraulic
gradient, which is the head difference between the water table
and the water level in the buried aquifer; the thickness of
overlying geologic materials; and the geologic materials’
hydraulic conductivity.

The amount of water that recharges ground water through
wetlands has likely been reduced since the advent of ditching and
tiling. Presettlement wet mineral soils and peatlands covered
approximately 35 percent of the study area (Minnesota Department
of Natural Resources, 1997). The mapped locations of these
features are likely areas where wetlands existed prior to the advent
of tiling and ditching. Today only 5.5 percent of the area is wetlands
and lakes according to the National Wetlands Inventory. Some of
the potential recharge to ground water is now redirected by
agricultural tiling and ditching (Magner and Alexander, 1994).
Drainage tiles intercept infiltrating water, discharging it directly
to river systems via ditches.

Ground-water discharge occurs both naturally and artificially.
Regionally, natural discharge occurs as ground water flows from
topographically high areas toward the Minnesota River. Locally,
ground water discharges toward topographically low areas,
wetlands, streams, and lakes. The contribution of ground water
to wetlands and streams, for example, is evident during drought
when streams continue to flow and wetlands do not dry up.
Artificial discharge is represented by pumping from wells, which
accounts for an increasing proportion of ground-water discharge.
Artificial ground-water discharge could significantly reduce the
amount of water available to wetlands, streams, and other surface
water bodies.

WATER CHEMISTRY

The chemical evolution of ground water begins as surface
water and precipitation infiltrate below the land surface. The
chemistry of the water changes as it percolates through soil and
geologic material. Factors affecting ground-water chemistry include
land use, initial water chemistry, length of flow path, chemical
reactions, and residence time.

Water samples were collected for chemical analysis in
84 wells from autumn 1997 to autumn 1998. Seventy-eight of
these samples were collected from wells completed in Quaternary
deposits (only two of these samples represent water-table wells),
and six samples were from wells completed in Cretaceous deposits.
Sampling locations are indicated on the map, and the chemistry
results are summarized in Table 1 according to aquifer type. The
chemistry results were used to characterize water resources and
to evaluate ground-water recharge processes.

Water Quality Indicators

As water infiltrates into the subsurface, it accumulates
additional carbon dioxide (CO2) gas from decaying organic
material. Dissolution of carbonate minerals in sediments is limited
by the amount of dissolved carbon dioxide, which in turn controls
the amount of dissolved calcium, magnesium, and bicarbonate.
Water hardness is the sum of dissolved calcium and magnesium.
Ground water from most sampled wells was very hard.

Another measure of water quality is the total dissolved
mineral concentration in water samples. The 84 samples collected
in this study had reported values for total dissolved solids (TDS)
ranging from 298 milligrams per liter (mg/L) to 2,599 mg/L. Most
samples exceeded the U.S. Environmental Protection Agency’s
(EPA’s) secondary standard for TDS of 500 mg/L. Other chemical
constituents commonly exceeding EPA’s secondary standards
include sulfate (SOy), iron (Fe), and manganese (Mn). Excessive
quantities of these chemicals may give water an objectionable
taste or odor, stain laundry and porcelain, or even plug well
screens. The lowest TDS and sulfate concentrations in the sampled
wells are found in the northeast, primarily eastern Swift County.
This water chemistry likely represents a difference in the mineralogy
of subsurface glacial sediment in that area. In the northeastern
part of the study area, Des Moines lobe sediments originating
from the northwest are thin and overlie glacial sediment originating
from the northeast (C. Patterson, oral commun., 1999). The
northeast-sourced glacial sediments are generally not as calcareous
and lack gypsum. Glacial deposits of the Des Moines lobe
incorporated materials that are more calcareous and are commonly
associated with gypsum.

Nitrate (reported as nitrogen [NO3-N]) at concentrations
greater than 1 mg/L is an important indicator of human impacts
on ground water. Principal sources include septic systems, feedlots,
and agricultural chemicals. EPA’s primary public water supply
standard for nitrate, 10 mg/L, was exceeded in only one of the
84 sampled wells, and two other wells had elevated levels (greater
than 1 mg/L). The low frequency of elevated nitrate concentrations
in most of the sampled wells may have two explanations. First,
nitrate is usually found in near-surface ground water, but most of
the wells sampled in this study are screened below the water table
in aquifers overlain by low-permeability glacial sediments. Second,
biologically mediated nitrate removal (denitrification) may have
occurred. The oxygen-poor (anoxic) ground water commonly
found in buried aquifers and deeper parts of some water-table
aquifers is a likely environment for denitrification.

Chloride (Cl) is another parameter that may indicate human
impacts on ground water. Artificial sources of chloride include
road salt; fertilizers; and industrial, human, and animal wastes.
Several of the sampled wells in this study may have chloride from
contaminant sources. Natural sources of chloride include
precipitation and Cretaceous shale. Interpretations of chloride
sources for individual wells are inconclusive because elevated
natural sources of chloride levels were also encountered in some
Cretaceous and buried glacial aquifers.

Major Ion Water Chemistry

The Piper trilinear diagram (Figure 1) shows the water
chemistry results graphically. The sample points on each triangle
(ternary diagram) reflect the percentages in milligram equivalents
per liter (meq/L) of the major cations and anions in each sample.

The lower left ternary diagram of Figure 1 compares the
major cations for calcium, magnesium and sodium, plus potassium.
There is a fairly constant ratio of calcium to magnesium throughout
the study area superimposed on a trend toward sodium-rich water.
As waters containing calcium and magnesium pass through clays
and shales, adsorbed sodium is exchanged into the water. This
process is similar to how a household water softener works. Higher
levels of strontium (Sr) associated with higher proportions of
sodium support this ion exchange hypothesis.

The lower right ternary diagram compares the major anions,
bicarbonate, sulfate, and chloride plus nitrate. Samples tend to
plot along a narrow band ranging from bicarbonate-rich waters
with low TDS toward sulfate-rich waters with higher TDS limited
by the solubility of gypsum. Sulfate concentrations range from
less than 1 mg/L to 1,630 mg/L. Common sources of sulfate are
dissolution of gypsum and oxidation of sulfide minerals. Sulfate
is one of the dominant components of TDS values for this study
area. Based on the five sulfur isotope (delta [3] 343) values in
Table 2, most of the sulfate originates by the oxidation of sulfides
(6**S=-20100 per mille [parts per thousand or %o]) and not from
gypsum dissolution (5*S = +15 to +25%o) (Clark and Fritz, 1997).
The central diamond-shaped field shows the overall chemical
behavior of the ground water by plotting a third point representing
the intersection of rays projected from the cation and anion
triangles. An example is shown in the Piper diagram.

Aquifer Water Chemistry

The chemistries of water samples from Cretaceous aquifers
completely overlap the range of chemistries in Quaternary aquifers
(see Figure 1). This observation is not surprising since large
amounts of Cretaceous materials are incorporated into the glacial
drift. The wide scattering of points on the diagram illustrates the
wide variation in major ion water chemistry for both Cretaceous
and Quaternary aquifers. The amount of dissolved minerals in
ground water in the study area apparently evolves in a fairly
short period of time, a fact supported by the absence of a
relationship between the total dissolved mineral content and
the observed residence time (as determined by tritium).
Residence time refers to the time that ground water has resided
below the land surface. This means that most of the dissolved
mineral content of ground water results from chemical evolution
that occurs in less than 45 years.

The cation exchange with sodium observed in some
samples is associated with waters having a greater than 45-year
residence time. Conversely, samples younger than 45 years
were not observed to have evidence of cation exchange. One
possible explanation is that in sediments presently containing
water with less than a 45-year residence time, any available
sodium was exchanged and removed at an earlier time. It is
also possible that these sediments never had sodium available
for exchange.

Environmental Isotopes

Ground-water residence time. All 84 wells were sampled
for tritium, an isotope of hydrogen. Tritium is a naturally occurring
radioactive isotope of hydrogen with a 12.5-year half-life that is
useful for estimating ground-water residence time. Before 1954,
natural levels of tritium were about 3 to 5 tritium units (TU).
Atmospheric testing of nuclear weapons during the 1950’s and
1960’s increased the tritium in precipitation more than a thousand-
fold. Water that recharged before 1954 has lost most of its tritium
by decay over several half-lives. The presence of more than about
8 TU in ground water indicates that recharge occurred since 1953
(modified from Alexander and Alexander, 1989).

Ground-water movement can be interpreted by relating the
presence of tritium to well depth. Approximately 25 percent of
the sampled wells contained detectable levels of tritium. Ground
water less than 50 feet below the land surface will likely have
measurable tritium, although two of the three wells sampled in
this depth range did not have tritium. Less than half of the sampled
wells screened at depths between 50 and 100 feet had detectable
tritium. This depth range probably represents the maximum that
tritium has penetrated since 1953. Only 16 percent of the sampled
wells greater than 100 feet deep had tritium. This percentage likely
overestimates the probability of tritium being present in wells
greater than 100 feet deep. Well construction problems and geologic
conditions may account for tritium being observed deeper than
expected. For example, two wells completed at 150 feet and
215 feet deep had low but detectable levels of tritium. The two
wells are close to each other and located southeast of the City of
Appleton where some of the thickest sand and gravel aquifers in
the entire study area are found. In the Appleton area (Figures 4
and 5 on Plate 2, Part A), some surficial sand and gravel deposits
may be in direct connection with buried sand and gravel deposits.
In these areas, water containing tritium could travel deeper into
the aquifer system.

Wells completed deeper than 100 feet generally had water
with no tritium. For these wells, the radioactive isotope of carbon
was used to estimate ground-water residence time. Nine samples
were collected for carbon-14 (*C) age dating in wells ranging
from 109 feet to 453 feet deep (Table 2). In addition, a 61-foot-deep
well containing tritium was also sampled to calibrate the
carbon-14 model.

The age-dating results show that water more than 100 feet
below the land surface generally has a residence time from
1,000 to 9,000 years before present. The relatively young waters
found in aquifers within 100 feet below the land surface suggest
the presence of local and intermediate flow systems that recharge
and discharge over shorter distances and times. The much older
waters in aquifers below 100 feet are more likely to be associated
with regional flow systems, which can discharge many miles from
where they receive recharge.

Ground-water source. The 10 samples listed in Table 2
were also analyzed for ratios of stable isotopes of hydrogen and
oxygen. The results indicate that ground water in the deep regional
flow systems largely originates from precipitation. The 5'%
values reflect the temperatures of the precipitation. Results show
small variations that might be related to small climatic fluctuations.
There is no indication of water originating from glacial meltwater,
which is consistent with the calculated postglacial
ground-water ages.
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MAP EXPLANATION

Water Table

—1100—  Water table elevation (feet above sea level),
contour interval 50 feet
Supplementary contours (25-foot interval)

General direction of ground-water movement

Well Symbols

Shape indicates aquifer type
A Quaternary water table
VW Quaternary buried outwash
@  Cretaceous sandstone
M Cretaceous regolith

Color indicates tritium age

Recent—Waters with tritium concentrations of
8 tritium units (TU) or more entered the ground
water after 1953.

Mixed—Waters with 0.9 to 8 TU are a mixture of
recent and vintage.

Vintage—Waters with less than 0.8 TU entered the
ground water before 1954.

‘Well Labels

13552 Unique well number of well not sampled
for carbon-14
Unique well number of well sampled

for carbon-14

408547

Relative Depths of Aquifers

Surficial sand and gravel. Map units Qdb, Qsd, Qsh,
Qsld, Qssd, and Qsw as shown on Plate 1, Part A.

Shallow Quaternary buried aquifer, elevation 950 to
1000 feet

Quaternary buried aquifer, elevation 920 to 975 feet

Sub-Quaternary buried aquifer, elevation 750 to
920 feet.

Seismic Refraction

o-10  Numbers indicate range of depth in feet to the water
table; arrow points to location of the midpoint

of transect.
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FIGURE 1. Piper trilinear plot of major cations and anions by aquifer
classification. Plotted on the lower left and right triangles are points
representing the positively charged ions (cations) and negatively charged
ions (anions), respectively. The di d-shaped field bines the
components in the triangular fields as shown by the hypothetical
sample point.

TABLE 1. Characteristics of natural waters by aqui

[Samples collected from 1997 to 1998 by Minnesota Department of Natural Resources staff; TDS, total diss:
potential expressed in millivolts (mV); TU, tritium units; alkalinity expressed as CaCOjs; nitrate (NC

Well Dissolved
depth TDS pH Eh  oxygen Tritium Calcium Magnesium Sodium Potassium Ir
(feet) (mg/L) (pH unit) (mV) (mg/L) (TU)  (mg/L) (mg/L) (mg/L) (mg/ll) (m
Quaternary Aquifer
Number of samples 78 78 78 78 78 78 78 78 78 78 I
Number of samples NA NA NA NA 67 56 0 0 0 0
Minimum 44 298 6.79 -88 <0.01 <0.8 246 9.75 5.39 1.96 <C
25th percentile 75 562 7.21 157  <0.01 <0.8 93 43.6 20.8 4.0 0.
Median 100 858 7.33 239 <0.01 <0.8 140 54.7 42.0 5.8 z
75th percentile 142 1250 749 307 <0.01 1.3 190 79.2 95.7 8.0 g
Maximum 453 2599 7.86 644 6.2 30.1 521 183 243 16.2 1
Cretaceous Aquifer
Number of samples 6 6 6 6 6 6 6 6 6 6
Number of samples NA NA NA NA 5 4 0 0 0 0
Minimum 47 549 712 39 <0.1 <0.8 3.0 0.66 226 21 0
Median 169 1107 7.33 216 <0.1 <0.8 170 56 142 71 z
Maximum 375 1812 8.82 402 0.1 1.0 324 1371 231 15.3 1
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GEOLOGIC SENSITIVITY TO POLLUTION OF NEAR-SURFACE GROUND WATER

INTRODUCTION

Prevention of ground-water contamination is an
important part of water resource management. An important
first step is to recognize where ground water is particularly
sensitive to pollution. The 1989 Minnesota Groundwater
Protection Act requires the Minnesota Department of Natural
Resources (DNR) to map geographic areas defined by natural
features where there is a significant risk of ground-water
degradation from activities conducted at or near the land
surface. This plate describes the sensitivity to pollution of
the shallow portion of near-surface ground-water systems,
including surficial aquifers. The sensitivity map depicts the
relative potential for ground-water contamination by using
categories of travel time. The travel time categories, ranging
from Very High to Very Low, describe the time needed for
water-borne contaminants to travel from the land surface to
the shallow portion of the near-surface ground water. The
map shows that areas mapped as sand and gravel at or near
the surface are more susceptible to rapid transport of
contaminants than are areas mapped as glacial till and lake
sediments. The information on this plate allows planners to
include ground-water quality concerns in land-use decisions.
The pollution sensitivity map is also useful for directing
fiscal resources to areas of greater potential for ground-
water contamination.

GEOLOGIC SENSITIVITY
DNR Geologic Sensitivity Guidelines

Geologic sensitivity as described in the DNR guidelines
(Geologic Sensitivity Workgroup, 1991) is used to assess
pollution sensitivity and prepare maps depicting areas
sensitive to pollution. The guidelines focus on travel time:
the time it takes for water-borne contaminants to vertically
travel from the land surface to the water table. Travel time
primarily depends on the permeability and thickness of
geologic materials between the land surface and the water
table. Geologic materials with the lowest vertical permeability
are assumed to have the greatest capacity to retard the vertical
movement of contaminants, resulting in the longest travel
times. Conversely, geologic materials with the highest
vertical permeability are assumed to be least capable of
retarding the vertical movement of contaminants, resulting
in the shortest travel times. The geologic sensitivity criteria
are shown in Figure 1 as five overlapping classes of travel
times. Each class is assigned a relative geologic sensitivity
rating from Very High to Very Low. The ranges of travel
time for each class overlap because of the uncertainty of
travel-time estimates. Short travel times do not mean that
ground water is or will be contaminated, and long travel
times do not ensure that ground water in these areas is or
will remain uncontaminated.

Assessing geologic sensitivity requires several
simplifying assumptions: (1) contaminants are chemically
inert and move with the water, (2) contaminants are released
at or near the land surface and move vertically downward,
(3) estimates of permeability can be made based on the
general knowledge of saturated permeabilities for broad
groups of geologic materials, and (4) surficial geologic map
units from Plate 1 in Part A are representative of the geologic
materials from the land surface to the water table.

Modifications of Vertical Travel Time Concept

Ground-water flow occurs through voids (pores) in the
geologic material, which are categorized as either primary
or secondary porosity. Primary porosity represents the pore
space between grains already present when the glacial
sediments were deposited, and secondary porosity is the
pore space resulting from fractures, joints, worm burrows,
and root traces that developed after the sediments
were deposited.

Estimates of travel times to the water table are based
on an assumption that flow rates through unsaturated geologic
materials are equal to or slower than flow rates through the
same materials under saturated conditions. The presence of
secondary porosity, however, makes this assumption
inaccurate. Several studies from the Midwest and Canada
show order of magnitude increases in transmission rates for
water as a result of secondary porosity. Although secondary
porosity probably accounts for only a small percentage of
the total sediment porosity, it can be the route by which a
significant percentage of the total recharge reaches the
water table.

The presence of secondary porosity significantly
decreases or disappears below the water table. In this study,
geologic sensitivity is defined as the time it takes water-
borne contaminants to travel vertically from the land surface
to a target zone, a zone extending from the water-table
surface to a depth of 20 feet below the water table (Figure 2).
The objective for extending the sensitivity target depth an
additional 20 feet below the water table was to ensure that
the target zone included geologic material that is not
influenced by secondary porosity.

Well drillers and geologists have noted that there is a
color change in glacial till sediments at depth. As shown in
Figure 2, the upper oxidized zone has lighter brown, yellow,
or gold sediments that overlie unoxidized darker gray, blue,
or black sediments. As water containing dissolved oxygen
enters the till, various minerals in the till are oxidized causing
the till color to change. Much of the color change probably
can be attributed to the oxidation of iron. As the water moves
through the till, microbes remove oxygen from the water.
The dissolved oxygen content decreases as water moves
deeper into the till until no oxygen is available to oxidize
minerals. An approximate median oxidized zone thickness
was determined to be 22 feet for this study area based on
well log information from the County Well Index (CWI)
data base maintained by the Minnesota Geological Survey.

The significance of the oxidized zone is that most till
fractures are associated with that zone. Studies by Ruland
and others (1991), Hendry (1988), and others have used
parameters such as isotopes, general water chemistry, water
level measurements, and pump test data to evaluate the
hydrogeology of glacial tills. The results show that the
oxidized zone can be orders of magnitude more transmissive
than the underlying unoxidized till. A study by Grisak and
others (1976) determined that fractures could increase a
till’s ability to transmit water by approximately two orders
of magnitude. Fracture density in till is usually greatest near
the surface and decreases with depth. The fractures may
extend into the unoxidized zone, but their numbers and
effectiveness for transmitting water are significantly reduced.

An analysis of depth to water information from the
CWI database shows that for most of the study area, the
water table probably occurs in the oxidized zone. Because
of the presence of fractures in the oxidized zone, there is
concern that contaminants could be rapidly transmitted from
the surface to the water table and below. However, the role
of fractures in ground-water hydrology decreases significantly
a few feet below the water table; therefore, a depth of 20 feet
below the water table was chosen to define the maximum
depth of the target sensitivity zone.

PREPARATION AND INTERPRETATION OF THE
SENSITIVITY MAP

The surficial geologic map units from Plate 1 in Part
A are the source of geologic information for the sensitivity
map. Important textural information can be found in the
detailed descriptions of the surficial geologic map units.
Additionally, the “Correlation of Map Units” groups various
geologic map units according to their mode of deposition
and geologic age.

The first group, “ice deposits,” contains the following
eight mapped glacial till deposits: Qthd, Qtmd, Qtad, Qtfd,
Qtld, Qtsd, Qtfr, and Qtbr. The texture of these mapped units
ranges from loam to clay. The textures vary not only between
the various mapped till units but also within each mapped
till unit. The percentage of clay in tills in the study area,
reported in Table 1, Plate 2, Part A, ranges from 10 to
40 percent with most tills averaging more than 20 percent.
A clay content of 15 to 20 percent was determined to mark
a threshold above which hydraulic conductivities are
uniformly low (Stephenson and others, 1988). The term
hydraulic conductivity refers to the geologic material’s
ability to transmit water. In a ground-water study involving
12 aquifer tests near the Pomme de Terre and Chippewa
rivers, Delin (1986) reported an average vertical hydraulic
conductivity for glacial till of 0.025 foot per day. Additionally,
areview of water-level data from wells in the region shows
that vertical hydraulic gradients are commonly 0.3 or less.
Ground-water flow occurs through the pores, which constitute
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an estimated volume of 30 percent of the total till matrix.
If these values are representative of tills in the study area,
the calculated flow rate of water through till probably ranges
from a few inches to as much as 10 feet per year. The travel
time for contaminants moving with water from the land
surface to the lower part of the target zone would best be
described by a Moderate sensitivity rating for these sediments.
This fact means that water-borne contaminants would take
from several years to a decade to travel from the surface to
the lower part of the target zone. These estimated flow rates
are several orders of magnitude slower than flow rates
through sand and gravel deposits.

The second group of deposits, “stream deposits,”
includes the following six geologic map units: Qssd, Qsd,
Qsld, Qdb, Qsw, and Qsh. These are generally sorted sand,
gravel, and silt-sized sediments that are capable of
transmitting water from tens to hundreds of feet per day.
Horizontal hydraulic gradients in areas not under the influence
of pumping wells are generally low; therefore, actual flow
rates are more likely to be from inches to a few feet per day,
with most flow moving horizontally. Most of these deposits
were rated Very High sensitivity, which means contaminants
could reach the lower part of the target zone within a month
and possibly within a few hours or days.

Not all of the stream sediments are simply sand and
gravel deposits; other factors were considered when assigning
a geologic sensitivity rating. Some of the mapped stream
deposits are associated with unsorted or fine-grained
sediments that are interbedded with or overlie the mapped
stream sediments. For example, map unit Qsld is overlain
by up to 10 feet of clay, silt, fine sand, and organic deposits.
These deposits provide some additional protection, so the
sensitivity rating was reduced from Very High to High.
Additionally, if Qoh (organic deposits) overlies or is adjacent
to stream sediments, a Very High sensitivity rating was
assigned. There are also sand and gravel deposits that may
be locally unsaturated. For example, map unit Qssd is
interpreted as stream sediment that was deposited in channels
walled by glacial ice. After the ice melted, these deposits
remained as ridges of sand and gravel, which may be
unsaturated as a result of gravity drainage. Another stream
sediment that may also be locally unsaturated is the glacial
River Warren (Qsw) sand and gravel that primarily forms
terrace deposits along the Minnesota River. Since insufficient
information is available to determine whether a water table
is present for all mapped Qsw and Qssd sediments, the water
table was assumed to occur within these mapped units, and
they were assigned a geologic sensitivity rating of Very High.

The mapped stream sediments, which compose
approximately 25 percent of the study area, were all classified
as either Very High or High sensitivity. Where these sediments
occur, contaminants could rapidly move into the subsurface
and contaminate ground water. In some places, a potential
pathway for contaminants could exist where a hydraulic
connection exists between surficial and buried sand and
gravel deposits. Another concern is lateral migration of
contaminants. Even though transport of contaminants is
vertically restricted by underlying, lower permeability
material, they could move laterally through higher
permeability sediments until discharging into nearby lakes,
wetlands, and streams.

In the third group, four geologic map units (Qgl, Qlb,
Qlh, and Qoh) make up the “lake deposits” category. The
most widespread deposits are associated with glacial Lake
Benson (QIb), which consists of clay, silt, and some fine
sand. The texture of Qoh does not significantly restrict
ground-water movement. However, where Qoh occurs within
other lake deposits or glacial till, it was assigned a Moderate
sensitivity rating. This rating was based on the assumption
that the surrounding geologic material also underlies Qoh
and best represents the degree of protection provided to
shallow ground water. Insufficient information is available
concerning the hydrologic characteristics for the remaining
three map units (Qgl, Qlb, and Qlh). The textures of these
sediments are generally fine grained; therefore, they were
assumed to provide a degree of protection similar to the
glacial tills in the study area and were thus rated a Moderate
geologic sensitivity.

The fourth group is characterized by one map unit
(BA), the “bedrock” category. Outcrops of these rocks are
found in the Minnesota River valley where removal of
overlying sediment and weathered rock has exposed various
granite and gneiss bedrock. These rock units are characterized
by very little primary porosity. Most of the water found in
these rocks occurs where fracturing has created secondary
porosity. Because the rocks have the potential to rapidly
transmit contaminants through fractures and because these
rocks are found close to stream sediment (Qsh), they were
rated a Very High geologic sensitivity.

USING THE POLLUTION SENSITIVITY MAP

The sensitivity map portrays information that is
generalized according to the scale at which it is shown.
Enlarging the map could result in a false indication of
precision. The sensitivity map does not account for changes
in sensitivity as a result of human activities, such as
improperly constructed or abandoned wells that may
accelerate transport of contaminants to the water table.
Additionally, map unit boundaries are a product of the
geologic sensitivity assessment model and do not represent
absolute differences in sensitivity. Each map unit represents
a predominant sensitivity rating; therefore, this map should
not be considered a substitute for site-specific information.

EVIDENCE SUPPORTING THE SENSITIVITY
INTERPRETATIONS

The pollution sensitivity map is divided into regions
having a range of estimated times for contaminants to travel
from the land surface to the lower part of the target zone.
Verifying the mapped ratings directly is difficult, so
measurements of ground-water residence time and water
quality are used as indirect tests. Residence time is the
approximate time that ground water has resided below the
land surface until it is discharged or pumped from an aquifer.
Radiometric dating using isotopes of hydrogen or carbon
provides estimates of ground-water residence times
(Alexander and Alexander, 1989). Tritium (JH), as discussed
on Plate 3, is an isotope of hydrogen that is an indicator of
recently recharged precipitation. If a ground-water sample
has no detectable tritium, the sample is dominated by
precipitation that entered the subsurface prior to 1954.
Conversely, samples containing detectable tritium have some
component of post-1953 recharge.

The wells sampled in this study are plotted on the
sensitivity map along with their aquifer type and interpreted
tritium results. The tritium information is useful for estimating
how deeply water has vertically infiltrated during the last
45 years. The thickness and permeability of geologic materials
between the land surface and the aquifer significantly affect
the vertical flow rates. Labels posted for each well on the
map include the sampling interval, confining score, and
depth to the aquifer. This additional information is necessary
to clarify the role of various geologic materials in providing
protection for aquifers in the study area.

The sampling interval represents the depth to the top
and bottom of the well screen through which the sampled
water enters the well. The confining score is a calculated
value that represents the cumulative thickness of low-
permeability material between the land surface and the top
of the aquifer. When each well was drilled, the driller
recorded the thickness and type of geologic materials and
other well construction information on a well log. To calculate
a confining score, a value of 1 was assigned for every foot
of low-permeability sediment (clay, shale, or till). Sand and
gravel offer little protection and were assigned a zero value.
Therefore, the confining score is a numerical value
representing the cumulative thickness in feet of low-
permeability material above the sampled aquifer. The last
value reported on the label is the depth in feet below land
surface to the top of the aquifer.

Mapped surficial sand and gravel deposits in the study
area were interpreted as either Very High or High sensitivity.
Several residents with wells completed in these deposits
have reported rapid water-level changes that are occasionally
associated with muddied water soon after a rain event.
Additionally, water samples from these surficial aquifers
generally have rather low concentrations of dissolved solids,
elevated levels of dissolved oxygen, and detectable tritium.
Surficial aquifers are also more likely to have elevated nitrate
concentrations. All of these observations indicate rapid
infiltration and support the Very High and High geologic
sensitivity ratings.

Areas where gneiss or granite bedrock (PA) is mapped
at the land surface were interpreted as Very High sensitivity.
Because so few wells were completed in these deposits, no
samples were collected in this study. However, water samples
were collected in another study (Bradt, 1997) from wells
completed in Sioux Quartzite, a hydrologically similar but
more fractured bedrock unit mapped at the land surface near
Pipestone, Minnesota. Secondary porosity resulting from
fracturing and weathering represents the primary storage
and transmission routes for water contained in both Sioux
Quartzite and gneiss and granite bedrock. Samples from
wells completed in Sioux Quartzite commonly have relatively
low concentrations of dissolved solids, elevated levels of
dissolved oxygen and nitrates, and detectable tritium. All
of these observations suggested recent recharge and supported
the Very High and High sensitivity ratings assigned to gneiss
or granite bedrock.

Till and lake deposits are portrayed on the map with
a Moderate sensitivity rating. No water samples for age
dating or general chemistry analysis were available because
there are no water-table wells screened in these low-
permeability sediments. Wells drilled in these deposits are
usually completed in buried glacial sand and gravel deposits
within the till or in the underlying Cretaceous sandstone
units. Chemical analysis results from wells completed in
these buried aquifers were used to estimate vertical recharge
rates. Detectable tritium is absent in some sampled wells as
shallow as 45 feet deep and detectable tritium is only rarely
present in sampled wells more than 100 feet deep. These
values may be indicating average vertical infiltration rates
from 1 foot to 2.5 feet per year. This interpretation is based
on the assumptions that vertical recharge velocities are
uniform with depth, no horizontal flow occurs, and wells
are providing water strictly from the aquifer where the well
is screened. According to these estimated vertical infiltration
rates, contaminant travel times from the land surface to near-
surface ground water would be years to decades, thus
supporting a Moderate sensitivity interpretation.

BURIED AQUIFER SENSITIVITY

Most of the wells in the study area are completed in
buried aquifers that are usually located more than 20 feet
below the water table. The pollution sensitivity map does
not specifically address vertical travel times to these aquifers.
In general, most of the buried aquifers are overlain by a
sufficient thickness of low-permeability geologic material
to be assigned a Moderate or Low sensitivity rating.
Carbon-14 age dates ranging from 1,500 to 8,000 years
before present support a Very Low sensitivity rating for
aquifers more than 100 feet below land surface. The samples
were collected from nine wells completed in Quaternary or
Cretaceous deposits between 109 and 453 feet deep. As
previously mentioned, if vertical flow rates at only 1 foot
per year are assumed to be constant with depth, the oldest
water from the sampled wells should be 453 years old. The
carbon-14 age dates, however, are much older. One
explanation for this disparity may be that lateral flow becomes
increasingly important with depth. Shallow aquifers may be
part of local or intermediate flow systems that have shorter
ground-water residence times because recharge and discharge
occur over relatively short distances. Deeper wells are
probably located within regional ground-water flow systems
that have a much longer residence time because of slower
movement and longer flow paths from recharge to discharge
areas.

Figure 3 is a schematic illustration showing the
relationship between the vertical distribution of tritium and
representative hydrogeologic conditions for the upper
Minnesota River basin study area. The tritium sample results
collected from buried aquifers within till suggest that tritium
in till probably extends from the land surface to an average
depth of approximately 50 feet. This is also where local and
intermediate flow systems are found. From 50 to 100 feet
deep is a transition zone representing the maximum depth
that post-1954 water has infiltrated. Samples from aquifers
below 100 feet are rarely found to have tritium; these aquifers
are interpreted to be part of the regional flow system.

Figure 3 also shows four conditions in which local
geologic and well construction factors could enhance water’s
ability to travel to the water table or to an aquifer. Condition 1
represents unmapped, localized zones of more permeable
geologic materials within till providing a preferential pathway
for water to enter the subsurface. Condition 2 shows how
an aquifer could appear to be well protected by thick till in
one location; however, in other locations the till is thin or
absent, thus allowing more rapid recharge at those sites.
Following recharge, horizontal ground-water movement
transports the recently recharged water to other locations in
the aquifer. Condition 3 shows an improperly constructed
well acting as a conduit for water to enter from the surface
or for water to move from one aquifer to another. Condition 4
is an example of fractures that are likely to be present in
glacial tills or lake sediments (modified from Ruland and
others, 1991). These fractures can allow water to move more
quickly than expected.
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MAP EXPLANATION

Sensitivity Ratings

Estimated vertical travel time for water-borne
surface contaminants to reach
near-surface ground water

Very High—The estimated travel time is hours
to months. Includes areas of mostly coarse-

textured stream sediments, except where
overlain by up to 10 feet of finer textured
sediments. Also includes exposed bedrock.

Includes

o]

years.

High—The estimated travel time is weeks to
coarse-textured

stream

sediments overlain by up to 10 feet of finer

textured sediments.

[w]

lake deposits.

Well Symbols

Shape indicates aquifer type
A Quaternary water table

VW Quaternary buried outwash

Color indicates tritium age

Cretaceous sandstone
Cretaceous regolith

Moderate—The estimated travel time is years
to decades. Includes areas of glacial till and

Recent—Waters with tritium concentrations of
8 tritium units (TU) or more entered the ground

water after 1953.

recent and vintage.

Mixed—Waters with 0.9 to 8 TU are a mixture of

Vintage—Waters with less than 0.8 TU entered the
ground water before 1954.

Well Labels

503579

(335-375), 204, 335 Well informatio

Unique well number

n (feet):

Depth to top of aquifer below land surface

Confining score—Cumulative thickness

of low-permeability sediments

Sampling interval (depth below land

surface)

Surficial Sand and Gravel Deposits

shown on Platel, Part A.
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Pollution Reduction Benefits: Easements

(LARS Reporting 1997-2002)

Easement Locations I

Soil Loss Reduction

estimated
soil loss reduction
(tons/yr)

[ ]0-1,000

[ 1,000 - 2,500
[ 2,500 - 5,000
[ 5,000 - 10,000
[ 10,000 - 20,000
[ 20,000 - 50,000
[ 50,000 - 100,000

Total 601,000 tons/yr

Phosphorus Reduction

estimated
sediment reduction
(tons./yr)

0- 1,000
1,000 - 5,000
I 5.000 - 10,000
I 10,000 - 20,000
I 20,000 - 40,000
I 40,000 - 75,000

Total: 237,000 tons/yr

estimated
phosphorus reduction
(Ibsfyr)

[ ]0-1,000
1,000 - 5,000
[ 5,000 - 10,000
[ 10,000 - 20,000
[ 20,000 - 40,000
[ 40,000 - 85,000

Total: 368,000 Ibs./yr

| m
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Minnesota River CREP Easement Summary by County

County Acres State Dollars Easements
[Big Stone 732.3 $361,061.28 18
Blue Earth 5,329.10 $4,517,746.46 172
Brown 4,968.00 $3,965,637.13 113
Carver 127.40 $81,332.46 3
Chippewa 7,815.70 $5,532,189.78 137
Cottonwood 3,302.20 $2,398,312.33 103
Dakota* 0.00 $0.00 0
Douglas 2,341.80 $1,045,137.37 38
Faribault 3,943.70 $3,387,153.89 153
Freeborn 612.00 $587,368.92 18
Grant 404.80 $220,709.38 9
Jackson 548.40 $434,618.04 15
Kandiyohi 2,973.80 $2,236,468.75 60
Lac Qui Parle 7,823.00 $4,715,801.37 144
Le Sueur 1,077.10 $878,744.95 43
Lincoln 2,868.20 $1,346,425.17 76
Lyon 4,485.10 $3,121,999.09 108
Martin 4,467.00 $3,835,773.69 148
McLeod 860.8 $718,456.61 12
Murray 2,615.80 $1,946,930.22 47
Nicollet 1,107.00 $833,631.84 30
Otter Tail 708.50 $343,382.17 20
Pipestone 217.30 $138,620.34 7
Pope 4,950.90 $2,234,957.90 84
Redwood 8,002.50 $6,162,392.89 210
Renville 9,501.40 $7,174,717.66 236
Scott 118.20 $84,585.32 6
Sibley 908.50 $824,708.91 25
Steele 211.70 $182,522.72 6
Stevens 790.50 $469,406.24 26
Swift 6,072.60 $3,876,940.92 109
Traverse 285.70 $118,317.02 6
Waseca 1,926.60 $1,812,570.32 74
Watonwan 2,914.50 $2,569,620.42 73
Yellow Medicine 5,452.90 $3,308,034.51 127
Totals 100,465.00 $71,466,276.07 2,456

7/1/2003




Conservation Reserve Enhancement Program
(CREP) Easements

Easement Number of Acres
Type Easements
Riparian (Perpetual) 1,465 43,766.5
Wetland Restoration 895 54,495.3
Marginal Pasture (Limited) 39 673.1
Riparian (Limited) 57 1,530.1
Otter Tail
¥ Total 2,456 100,465.0

as of July 1, 2003
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