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Abstract

The deepest bedrock aquifer of south central/southeastern Minnesota, including the Minneapolis/St.
Paul metro area, is the thick (50 to 200 feet) Cambrian sandstone Mt. Simon aquifer. It supplies all or
some of the water used by over one million Minnesotans. The few water level measurements available
from this aquifer in the Mankato and Minneapolis/St. Paul metro area indicate declining water levels
in areas where water is being withdrawn for municipal and industrial use. To better understand the
recharge dynamics of the Mt. Simon aquifer the western and northern edge of the Mt. Simon aquifer,
where it is not overlain by relatively impermeable Paleozoic shale formations, was considered the most
likely area for aquifer recharge. This edge of the Mt. Simon aquifer was investigated and character-
ized through observation well installations, water level monitoring, groundwater chemical analysis,
and aquifer capacity testing to help determine recharge pathways and sustainable limits for this aquifer.
Most data collected for this study are derived from the wells installed at 14 locations by contracted
drilling companies.

The combination of chemical residence time indictors, continuous water level data from nested well
locations, and a general knowledge of the regional hydrostratigraphy, show an aquifer with a very slow
recharge rate from a large source area located south of the Minnesota River and a smaller source area
located in the northern portion of the study area. The younger “C residence time values of Mt. Simon
groundwater (7,000-8,000 years) from this project roughly correspond to a time after the last ice sheet
had receded from southern Minnesota suggesting groundwater in the Mt. Simon aquifer in this region
began as precipitation that infiltrated during the post-glacial period. The stable isotope data of oxygen
and hydrogen support this conclusion. A recharge estimate of the Mt. Simon aquifer south of the Min-
nesota River based on these minimum residence time data suggests a recharge rate of approximately
0.49 cm/yr. The resulting 1.2 billion gallons/year of recharge from the southern source area is less than
the amount of groundwater used from the most recent year for which data are available (2009). The
results of this project suggest that Mt. Simon aquifer groundwater use in the study area, for the most
recent period (2009), may be more than the replacement rate along the Mt. Simon subcrop. Continued
monitoring of the observation wells in this region should help determine if more water is used than is
being replaced by recharge.

A major accomplishment of this project is the creation of a network of observation well nests along the
western margin of this aquifer system. Long term water level data and geochemistry from these wells
will enable future hydrologists to evaluate the local and regional effects of Mt. Simon groundwater

pumping in the region.
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Introduction and Purpose

The 2008 and 2009 legislatures allocated funding from the Environment and Natural Resources Trust Fund
for an aquifer investigation, mapping, and monitoring project in south-central and east-central Minnesota
(Figure 1). The 2008/2009 allocations provide $4,295,000 for a 4-year project. The allocation is being
shared by the Department of Natural Resources (DNR, $2,769,000) and the Minnesota Geological Survey
(MGS, $1,526,000) to evaluate the Mt. Simon aquifer and produce geologic atlases. The purpose of this
report is to compile, summarize, and interpret data collected from the first phase of the DNR portion of this
project as required by the statute (ML 2008, Chap. 367, Sec. 2, Subd. 4 (h)). A report summarizing the sec-
ond phase of the project west and northwest of the Twin Cities Metropolitan area is scheduled for comple-
tion June 30, 2012.

The deepest bedrock aquifer of south central/southeastern Minnesota, including the Minneapolis/St. Paul
metro area, is the thick (50 to 200 feet) Cambrian sandstone Mt. Simon aquifer. It supplies all or some of
the water used by over one million Minnesotans. The few water level measurements available from this
aquifer in the Mankato and Minneapolis/St. Paul metro area indicate declining water levels in some parts of
these areas where water is being withdrawn for municipal and commercial use. While efforts currently are
underway through other agency and additional Minnesota Department of Natural Resources projects to lo-
cally map and understand these depressed Mt. Simon water level areas, we believed a project to regionally
understand the recharge dynamics of the Mt. Simon aquifer was needed. The western and northern edge of
the Mt. Simon aquifer (Figure 1), where it is not overlain by relatively impermeable Paleozoic shale for-
mations, was considered the most likely area for aquifer recharge. This edge of the Mt. Simon aquifer also
was investigated and characterized through observation well installations, water level monitoring, ground-
water chemical analysis, and aquifer capacity testing to help determine recharge pathways and sustainable
limits for this aquifer. These data will help determine aquifer recharge characteristics and potential limita-
tions for future use.

Most data collected for this study are derived from well nests (two or more observation wells completed

at the same location but at different depths) installed at 14 locations by contracted drilling companies. A
total of 13 Mt. Simon Sandstone wells and 15 wells in other geologic units were drilled; one Mt. Simon
sandstone well was sealed following drilling. Staff from the DNR Ecological and Water Resource Division
coordinated the installation of these wells, which are known among groundwater professionals as observa-
tion wells. Drilling in the northern portion of the investigation area (Phase 2) began in the fall of 2009 to
complete well nests at an additional 10 locations. The wells are completed in the Mt. Simon aquifer and
shallower aquifers on public property in the project area to depths of 70 feet to 718 feet (Table 1). The
wells were sampled for chemical constituents such as tritium and carbon-14 that will help determine the
residence time or age of the groundwater in this aquifer and overlying aquifers. The wells were also instru-
mented with equipment to continuously record groundwater levels.
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Geology of South-Central Minnesota

The focus of this investigation was the Cambrian Mt. Simon Sandstone (Figure 2) which is located
at the base of a thick sequence of marine Paleozoic carbonate, shale, and sandstone formations that
underlie central and southeastern Minnesota in a broad structural basin known as the Hollandale
embayment (Figure 3). The Mt. Simon Sandstone is generally a medium to coarse-grained quartz-
ose sandstone (Mossler, 2008). The Mt. Simon formation cuttings observed from drill holes for this
project generally indicated the unit is dominated by thick beds of gray and white silty, very fine to
medium-grained quartzose to feldspathic sandstones with thin white-grey and light green shale beds.
The basal portion of the Mt. Simon Sandstone has somewhat thicker shale beds and coarse yellowish
quartz grains ranging from very coarse sand to medium pebble size.

Various Precambrian rocks underlie the Mt. Simon Sandstone due to a complicated geologic history
prior to the deposition of the Paleozoic rocks. These older underlying rocks include Middle Protero-
zoic sedimentary rocks, such as the Hinckley Sandstone and the Fond du Lac Formation, Early Pro-
terozoic igneous and metamorphic rocks, and in some southern areas, the Lower Proterozoic Sioux
Quartzite. None of these underlying rocks have desirable aquifer properties for most purposes. There-
fore, the Mt. Simon Sandstone is the deepest bedrock aquifer in the region. Furthermore, along the
western edge of the Hollandale embayment (Figure 3), the Mt. Simon aquifer is commonly the only
aquifer available for large capacity (i.e., municipal and industrial) use.

Following the deposition of sand and other sediments that would become the Mt. Simon Sandstone
and overlying formations, there was a long period of exposure and non-deposition of rock materi-

als. During the Late Cretaceous period marine and non-marine sedimentary rocks (mostly shale and
sandstone) were deposited along the western edge of the Hollandale embayment in south-central Min-
nesota. During this period a shallow epicontinental (inland) sea covered the western interior of North
America. Relatively thick sections of these types are rocks are common in the southern portion of the
investigation area.

Following another long period of exposure and non-deposition of rock materials after the Cretaceous
period, the region was affected by repeated continental glaciations during the Quaternary period.
These glaciations deposited thick alternating layers of glacial outwash (sand and gravel), glacial till
(dense mixture of silt, sand, and clay), and other types of deposits. Thus the depositional history for
most of southeastern and south-central Minnesota has left a legacy of both bedrock and glacial aquifer
systems.
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Investigation Methods

Site Selection

The wells for this investigation were drilled on public land to help ensure the longevity of these moni-
toring locations. With the exception of one location, all the wells are on state land managed by the
Department of Natural Resources, on either wildlife management areas (WMASs) or at water access
(WA) locations. One well site in Sibley County is owned by the county. At that location special access
permission for that location was obtained from the County Board of Commissioners.

Site locations were chosen in suspected recharge areas for the Mt. Simon aquifer near the western
edge of the Hollandale embayment at location where the Mt. Simon Sandstone was likely to be the
uppermost bedrock to be found beneath the surficial glacial deposits or Cretaceous shale and sand-
stone. A shallow and deep well were drilled at most locations to provide data on the vertical hydraulic
head gradients, changes in groundwater chemistry, and residence time with depth. These sites were
spaced as evenly as possible across the recharge area given the existing distribution of public land in
the region. The well nest locations are typically near existing roads and parking lots for easy access
and to minimize disturbance of undeveloped parts of these properties.

Drilling Methods and Well Construction

Two different kinds of drilling methods were used to install wells for this project (Table 1). Mud
rotary (MR) is a commonly used and widely available method for drilling and completing water wells.
Typically a hollow tricone drilling bit is attached to hollow drilling rods that are turned by the drilling
rig. During the drilling process, a drilling mud mixture is pumped through the interior of the hollow
rod and bit assembly which pushes the ground rock and sediment upward through the annular space
between the drilling rods and the larger diameter borehole to the surface. The drilling mud flows into
an open tank at the surface and is subsequently recirculated back down the inside of the drill bit/rod
assembly to the bottom of the borehole. The advantage of this method is that it is relatively fast and
inexpensive. The disadvantage of this method is that the ground-up bits of rock and sediment (also
known as “cuttings”) that the driller and geologist use to identify drilling progress become difficult or
impossible to identify below a depth of several hundred feet because of mixing and mechanical degra-
dation of the cuttings on their way to the surface.

Another type of drilling method called dual rotary/ reverse circulation (DR/RC) was used in selected
areas. During DR/RC drilling, the drill cuttings are returned to surface inside the rods. Reverse circu-
lation is achieved by pumping air down the outer tube of the rods with a large compressor. The dif-
ferential pressure at the drill bit creates suction that pulls the water and cuttings up the “inner tube”
which is inside the rod. Once the water and cuttings reach the surface, the cuttings move through a
sample hose and are collected in a sample pail. DR/RC drilling produces discrete and easily identifi-
able rock chips from all depths and is therefore ideal for drilling in unknown areas where the geolo-
gist does not know exactly what to expect at depth. DR/RC drilling is slower and more expensive than
mud rotary.
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Agquifer Interval Selection for Monitoring

Methods for well construction were somewhat different for boreholes drilled with the two methods.
For the dual rotary holes, an 8- inch or 10-inch diameter temporary steel surface casing was driven
simultaneously during drilling to the base of the unconsolidated or poorly consolidated Quaternary
and Cretaceous layers. Once solid bedrock was reached, the remainder of the hole was drilled with-
out casing because the hole was unlikely to collapse. Drilling continued until Precambrian bedrock
was encountered beneath the Mt. Simon Sandstone. A geophysical log of the hole was then made by
geologists from the Minnesota Geological Survey at which time the depth of the permanent 4-inch
diameter casing was determined based on the gamma log characteristics of the Mt. Simon Sandstone.
The relatively shale-free portions of the formation were typically left as open hole. The casing was
then constructed by the drilling crew and grouted in place and the temporary casing was removed.
The advantage of this procedure was that the depth of the permanent casing could be chosen based on
the cuttings and the geophysical log ensuring that the open-hole portion of the well was in the correct
depth range such as the most transmissive portion of the Mt. Simon sandstone.

Drilling with the mud rotary method followed a different sequence. A seven-inch diameter borehole
was drilled into the top of the Mt. Simon Sandstone and a four-inch steel casing was grouted in place.
Once the grout had set, the drilling crew would drill inside the four-inch casing with a smaller drill bit
and rod assembly until they had drilled through the Mt. Simon Sandstone into the underlying Pre-
cambrian bedrock. The depth at which the Mt. Simon is encountered is estimated by reference to logs
of nearby wells and careful observation of changes in the cuttings that come to the surface with the
drilling mud. The main disadvantage of this method is that if the top of the Mt. Simon Sandstone is
misidentified, the base of the permanent casing might not be placed at an ideal depth.

Once the deep Mt. Simon well aquifer was completed and logged with geophysical tools, the aquifer
for the shallower well in the nest was chosen based on gamma log and cuttings characteristics. These
shallow wells were completed in the discontinuous sand and sandstone layers of the Quaternary and
Cretaceous units at a relatively wide range of depths. In general, we were seeking the shallowest aqui-
fer that might be used for domestic or larger capacity purposes.

Geophysical Well Logging

Well logging is the practice of making a detailed record (a well log) of the geologic formations pen-
etrated by a borehole. The geologic log is a compilation visual description and interpretations of
samples brought to the surface. The geophysical well log is a record of formation physical properties
with electrically powered instruments. The main geophysical log types collected for this project in-
clude passive nuclear measurements (natural gamma rays) and resistivity. After the borehole has been
completed, but before the permanent casing has been grouted in the borehole, the logging tool (or
probe) is lowered into the open wellbore on a wire connected to the surface. Once lowered to the bot-
tom of the hole, measurements are taken as the probe is withdrawn from the wellbore. Measurements
are recorded continuously while the probe is moving.
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Gamma ray logging is a method of measuring naturally occurring gamma radiation to characterize the
rock or sediment in a borehole. Different types of rock emit different amounts and spectra of natural
gamma radiation (Driscoll, 1986). Shale and clay usually emit more gamma rays than other sedimen-
tary rocks, such as sandstone, or sand and gravel because radioactive potassium, uranium, and thorium
are common components in their clay content. This difference in radioactivity between clay-rich and
non-clay-rich formations allows the geologist to distinguish between shale and sandstone/carbonate
rocks and fine or coarse grain glacial sediments with the natural gamma log.

Resistivity is a property of all materials which represents how strongly a material opposes the flow of
electric current. This log is recorded in boreholes containing electrically conductive fluid (drilling mud
or water). Sand and sandstone tend to be insulators (high resistivity); clay and shale tend to be conduc-
tors (low resistivity). Similar to the gamma log, this difference in resistivity between shale (or clay-rich
sediments) and sandstones/carbonate rocks (or non-clay-rich sediments) allows the geologist to distin-
guish between the two general categories of sediments or sedimentary rocks using the resistivity log.

Generalized versions of the gamma logs completed by the staff of the Minnesota Geological Survey
(MGS) are shown with the lithologic logs for each of the project well nests in Appendix A. The litho-
logic descriptions on each of these logs are summarized from MGS interpretations of cuttings. De-
tailed copies of these logs can be obtained from the MGS.

Well Development

After the borehole is drilled and the permanent well casing is grouted in the well, the well is purged
for one to two hours to remove sediment that may have accumulated at the base of the well. This well
development procedure is designed to ensure that all or most of the open hole portion of the well is
unclogged and water level measurements from the well are representative of water levels in the aquifer
at that location.

Groundwater Sample Collection

Protocols commonly employed for the collection of groundwater samples generally require the re-
moval of much of the standing water in the borehole prior to the collection of groundwater samples.
This is done so that the sample represents fresh groundwater and is representative of the resource.
Removing groundwater from a well can be completed through the use of many mechanical methods;
including bailers, air injection and pumping. An electric submersible well pump was selected for this
project because it is capable of removing hundreds of gallons of water from depths greater than 150
feet in a relatively short period of time time in preparation for groundwater sampling. In addition, well
performance testing information was collected during the same field event. Therefore, the collection of
water samples was organized to complete two tasks; the collection of groundwater samples and a short
duration well performance test.

To accomplish these two tasks, a submersible water well pump was temporarily installed and operated
by a State-certified water well contractor. An electric generator was used to provide power to the pump
and a combination of piping and flexible hose were installed to deliver the groundwater to the surface.
During the course of the field sampling events two different pumps were used. The first pump had a
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capacity of eight gallons per minute which proved too low to pump out the required volumes of water
at an acceptable rate. This pump was replaced by a pump capable of producing pumping rates of 25
gallons per minute. Table 2 presents the basic information collected during these procedures.

Groundwater was pumped through a hose from the flow meter to a clean, white five gallon bucket that
allowed field observations of color and odor. The bucket was also used as a flow through chamber into
which the probes of several instruments were suspended. Sequential measurements of temperature, pH
and specific conductance were made. The wells were pumped until constant values of pH, temperature
and specific conductance were observed. The groundwater sample was collected after the values of
these parameters remained stable and at least one well volume of water had been removed from the
well.

The sampling consisted of filling prepared and labeled containers with groundwater from the hose dis-
charge at the stabilization bucket. The carbon-14 (**C) sample size was approximately 30 gallons and
required special handling and containers. Analytes and sampling protocol are summarized in Table 3.
Samples were sent to the University of Minnesota Hydrochemistry Laboratory (U of M) and the Uni-
versity of Waterloo Laboratory (Waterloo).

Specific Capacity Procedures and Results

A specific capacity test provides an estimate of the potential yield from a water well. Specific capacity
can be calculated from the results of a short duration pumping test. Specific capacity is the pumping
rate (gallons per minute) divided by the measured drawdown (feet) and is reported in units of gallons
per minute per foot of drawdown (gpm/ft). In Minnesota’s principal aquifers, the observed specific
capacities (Minnesota DNR, 2004) range from less than 1.0 gpm/ft. to values greater than 100 gpm/
ft. Specific capacities for the Mt. Simon- Hinckley wells typically range from 1 to 33 gpm/ft; specific
capacities for glacial drift wells show greater variability from less than 1 to greater than 50 gpm/ft. As
shown in Table 2, the observed specific capacities for the Mt. Simon wells ranged from 13 gpm/ft at
Exceder WMA to less than 1 gpm/ft at Helget-Braulick WMA.

The depths to groundwater were measured from dedicated measuring points located at the top of the
well casings. For this project the measuring points elevations were measured using engineering grade
global positioning systems (GPS) that use the Minnesota Department of Transportation Continuously
Operating Reference Station (CORS) network. The measuring point at each well is on the north side of
the top of the four-inch diameter steel well casing (top of casing or TOC). Groundwater depth measure-
ments were collected before, during and after pumping using electronic tapes and electronic pressure
transducer instruments.

A flow meter was used to measure rate and a flow totalizer was used to measure total water discharge in
gallons. The flow rate from the well was controlled with the well head check valve. At the start of each
pumping test the valve was opened to allow the full pumping rate. Some of the wells were pumped at
rates lower than the capacity of the pump to maintain water levels above the pump intake. Graphs of
changes in the water level and water temperatures over time (hydrographs) are included in Appendix B.
DNR observation well 83012 and Flandrau State Park campground well were not accessible for water
level instrumentation and are not represented in Appendix B with a hydrograph. These two wells were,
however, sampled for groundwater chemical analysis.
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Continuous Water Level Measurements

Unattended continuous water level measurements can be made with pressure transducers — instru-
ments that respond to changes in pressure created by the water column above the instrument. A data
logger can record the measurements taken by a pressure transducer at specific intervals set by the user.
Improvements in technology over the last decade have resulted in combined data logger and pressure
transducer units that are about the size of a small flashlight.

Sealed data logger/pressure transducer units were submerged in each well to a depth of 20 to 25 feet

below the water surface. Sealed units record changes in total pressure including barometric pressure.
To discriminate changes in pressure readings that are related to barometric pressure change from real
water level changes, a record of barometric pressure must also be made. Three data logger/barometer
units were deployed across the study area for this purpose. All of the instruments were programmed

to collect and store hourly readings.

Data are stored in the data logger until downloaded during quarterly site visit occurs. Communication
cables connected to the instruments are accessible from the top of each well. At each location, the data
are downloaded from the instruments, and a water level measurement is taken with a measuring tape.
Following data downloads, computer software calibrates the data stream to the actual measurements
and adjusts for changes in barometric pressure.

Thickness of the Mt. Simon Sandstone Near the Western Subcrop

One of the objectives of the project was to better define the physical boundaries of the Mt. Simon
Sandstone in the study area to help with future water resource evaluations. With the exception of the
well at the Nicollet Bay unit, all the Mt. Simon aquifer wells drilled for this project penetrated to the
base of the formation. Most existing wells in this area (Figure 4) provide a minimum thickness value
since most of the wells are domestic and are only drilled into the top of the aquifer to provide rela-
tively small quantities of water.

Across the study area thicknesses of the Mt. Simon Sandstone increase toward the east over a short
distance with the exception of an apparently broad and thin (0-50 feet) area in eastern Brown county.
East of the western formation edge, the Mt. Simon Sandstone is commonly 200 feet thick or greater
(Mossler, 1992).

Groundwater Movement and Potentiometric Surface — Mt. Simon Aquifer

A key aspect of understanding the hydrogeology of any area is to develop a basic understanding of the
groundwater flow pathways. Aquifers and systems of aquifers are rarely static or unchangeable. Water
is usually moving into the aquifers (recharge), through the aquifers, and out of the aquifers (discharge)
in complicated but definable patterns. Three primary types of data are used by investigators to under-
stand these relationships: chemical data from collected samples, aquifer test data gathered by pumping
wells under controlled conditions, and static (non-pumping) data measured from wells and surface
water bodies. Static water-level data and potentiometric surfaces are the primary focus of this section.
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A potentiometric surface is defined as “a surface that represents the level to which water will rise in a
tightly cased well (Fetter, 1988). The potentiometric surface of a confined aquifer (aquifer under pres-
sure) occurs above the top of an aquifer where an overlying confining (low-permeability) layer exists.
Static (non-pumping) water-level data from the County Well Index and measurements by personnel
from the Department of Natural Resources were plotted and contoured to create the potentiometric
contour map (Figure 5). Additional wells in fractured Precambrian crystalline aquifers beyond the
extent of the Mt. Simon aquifer are included to show the hydraulic head conditions near the bound-
ary of the aquifer. The contour lines illustrate the potentiometric surface much like the contour lines
of a topographic map represent a visual model of the ground surface. The potentiometric surface is
generally not the physical top of the water table, but is a representation of the potential energy that is
available to move the ground- water in a confined aquifer. Low-elevation areas on the potentiometric
surface that could be above the coincident surface-water bodies may indicate discharge areas; when
combined with other information sources, high-elevation areas on the potentiometric surface can be
identified as important recharge areas. Groundwater moves from higher to lower potentiometric eleva-
tions perpendicular to the potentiometric elevation contours (flow directions shown as arrows).

Groundwater flow pathways from recharge areas through the aquifer to discharge locations operate on
a wide continuum of depth, distance, and time. Flow into, through, and out of shallow aquifers can oc-
cur relatively quickly in days or weeks over short distances of less than a mile, whereas flow through
deeper aquifers across dozens of miles may take centuries or millennia.

Figure 5 shows northeasterly groundwater flow directions toward the Minnesota River in the south-
ern portion of the study area. In the northern portion of the study area flow is southeasterly in Sibley
County and then diverges toward the Minnesota River in Nicollet County at a very low gradient. On
Figure 5 and Figure 6 (cross section Z-Z’) the potentiometric contours bend toward the Minnesota
River indicating that it is a discharge feature for the Mt. Simon aquifer. Even though the potentiomet-
ric contours indicate discharge to the Minnesota River, the previously mentioned low gradient in the
northern portion of the study area could indicate low flow to the river.

Geochemistry

All the wells constructed for this project and two additional wells in the area were sampled for analy-
sis of common ions, trace constituents, residence time indicators (tritium and '*C), and stable isotopes
("*0 and deuterium). The results of all these analyses (Tables 4 and 5) assist in the interpretation of the
recharge characteristics of the Mt. Simon aquifer.

Groundwater Residence Time

Two residence time indicators were used in this project: tritium and carbon-14 (**C). Residence time
is the approximate time that has elapsed from when the water infiltrated the land surface to when it
was pumped from the aquifer for these investigations. In general, short residence time suggests high
recharge rates or short travel paths, whereas long residence time suggests low recharge rates or long
travel paths.
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Tritium (*H) is a naturally occurring isotope of hydrogen. Concentrations of this isotope in the atmo-
sphere were greatly increased from 1953 through 1963 by above ground detonation of hydrogen

bombs (Alexander and Alexander, 1989). This isotope decays at a known rate, with a half-life of 12.43
years. Groundwater samples with concentrations of tritium equal to or greater than 10 trittum units (TU)
are considered recent water (mostly recharged in the past 60 years). Concentrations equal to or less than
1 TU are considered vintage water (recharged prior to 1953). Concentrations between these two limits
are considered a mixture of recent and vintage water and are referred to as mixed water.

The carbon-14 (**C) isotope, which also occurs naturally, has a much longer half-life than tritium (5730
years). Carbon-14 is used to estimate groundwater residence in a time span from about 100 years to
40,000 years (Alexander and Alexander, 1989).

With one exception, none of the groundwater samples contained detectable tritium concentrations (Table
4) and therefore, the residence time for these samples is greater than approximately 60 years. This is con-
sistent with the generally greater depths of the sampled aquifers and general lack of thick surficial sand
and gravel in the study area. The one mixed tritium sample was from the shallow well at the Long Lake
WA that was screened in a sand and gravel aquifer at a depth of 128 feet.

Figure 7 shows the distribution of “C residence time values from the shallow wells constructed for this
project. These values represent data from aquifers with a wide depth range (70 to 444 feet). This map,
therefore, is not intended to show any regional trends or tendencies but is shown to illustrate the wide
range of values in these settings. These values are more interesting in comparison to the values discussed
below and shown in Figure 8 from the underlying Mt. Simon aquifer.

Figure 8 shows the distribution of *C residence time values from the Mt. Simon aquifer wells con-
structed for this project, two additional Mt. Simon aquifer wells sampled for this project, and Mt. Simon
aquifer data from other studies (Lively and others, 1992; Alexander, personal communication). Values

in the southern portion of the study area range from 7,000—8,000 years in central Watonwan County to
30,000 years near the Minnesota River following a pattern of increasing age away from central Waton-
wan County. The youngest values (8,000—10,000 years) in the northern portion of the study area occur in
northeastern Sibley County and also increase in age toward the Minnesota River to the south and east.

The younger “C residence time values (7,000-8,000 years) roughly correspond to a time not only after
the last ice sheet had receded from southern Minnesota, but also after the time when the modern day
Minnesota River Valley (Glacial River Warren) ceased to be the main discharge route for the glacial melt
water (9,500 years) that was stored in Glacial Lake Agassiz (Wright, 1987). These “C values and the
unique glacial history of the region suggest groundwater in the Mt. Simon aquifer in this region began as
precipitation that infiltrated during the post-glacial period. The stable isotope data described in the fol-
lowing section provided important corroborating evidence for this conclusion.

Stable Isotopes, '*0O and Deuterium

All groundwater samples collected from the study area were analyzed for stable isotopes of oxygen and
hydrogen, the two atoms found in water. Analysis of the results provides an additional tool for character-
izing the area groundwater. Isotopes of a particular element have the same number of protons but differ-
ent numbers of neutrons. Stable isotopes are not involved in any natural radioactive decay. They are used
to understand water sources or the processes affecting them (Kendall, 2003). Commonly used isotopes
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for these purposes include oxygen isotopes '°O and 'O and hydrogen isotopes 'H and *H. The heavy
hydrogen (°*H) is called deuterium. The mass differences between '°O and 8O or 'H and *H result in
water molecules that evaporate or condense at different rates. Thus the concentrations of these isotopes
in water changes (fractionates) during evaporation and precipitation, resulting in different '°0/!*O and
"H/?H ratios in rain, snow, rivers, and lakes. The values are expressed as del’H and del'*O. The ab-
breviation “del” denotes the relative difference from standard mean ocean water and express the rela-
tive abundance or the rarer heavy isotopes, del’H and del'®O. These values from precipitation water
generally plot close to a straight line known as the meteoric water line (Figure 9). The departure of '*O
and ’H values from the meteoric water line can indicate evaporation or mixing of water from different
sources.

Figure 9 shows a plot of del'®O and del’H values from groundwater samples collected in the study area
compared to the meteoric water line. Three types of information regarding the origin and history of
these water samples can be interpreted from this graph: relative atmospheric temperature during source
water precipitation, relative mixing of water from cold and warm sources, and evaporation of source
water.

Source Water Temperature and Mixing

For the samples that plot along the same slope as the meteoric water line, the samples more depleted in
heavy isotopes (samples that plot closer to the bottom left of the graph) suggest water that precipitated
from a colder atmosphere (Siegel, 1989). Person et al (2007) provided a compilation of paleohydrologi-
cal studies of groundwater systems in North America that were affected by the advance and retreat of
the Laurentide ice sheet. He concluded that the range of del'*O groundwater values from cold ice or
snow melt sources ranges from del -25 to -9. Most values of groundwater samples from south central
Minnesota ranged from approximately del -8 to del -10 suggesting a mixture of glacial meltwater and a
larger component of post-glacial precipitation. The data are consistent with the younger '*C ages dates
(7,000 to 8,000 years) from the post-glacial and post River Warren era as discussed previously.

It is also significant to note that many of the older '“C values in this area are in the range of the last
glacial advance in the upper Midwest (12,000 to 24,000 years BP) but the del'®*O values are just slightly
within the range of water from ice melt sources (del-25 to del-9). This apparent discrepancy suggests
that these waters are from mixed sources and time periods, indicating a combination of much younger
and much older water. Recognizing that all groundwater is a mixture, Mt. Simon '*C residence time
values greater than 9,000 or 10,000 years may represent a minimum age in these areas.

Fractionation of Source Water and Evaporative Signatures

Deuterium (*H) is an isotope of hydrogen consisting of a proton and a neutron, whereas hydrogen ('H)
consists of a proton. Deuterium, therefore, has approximately twice the mass of common hydrogen.
Similarly, oxygen-18 ('*0) has more mass than the more common oxygen-16 (°O). Fractionation
occurs because of these mass differences. Molecules of water with the more common hydrogen and
oxygen are lighter and more readily evaporated, leaving the remaining water more concentrated in the
heavier isotopes. As a result, lake water typically shows an evaporative signature (a higher concentra-
tion of the heavier isotopes than precipitation). Water that directly infiltrates the ground is not fraction-
ated in this manner, so it has a meteoric signature (higher concentration of the lighter, more prevalent
isotopes). The effect of this type of fractionation is that isotopic values from samples with an evapora-
tive signature will plot along a line with a slope less than the slope of the meteoric water line.
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On Figure 9 the evaporated types of samples are shown on the right upper portion of the graph (Peter-
son unit, Helget Braulick WMA, and the Nicollet Bay unit). These three samples, from buried sand and
gravel aquifers, show evidence of water that infiltrated from lakes or wetlands.

The majority of samples plotted in the center portion of the graph along the meteoric water line (Figure
9) suggest sources from post ice-age precipitation (normal rain and snow meltwater) that infiltrated
directly into the subsurface and did not reside for long periods in lakes or similar water bodies.

Major Ions

Some evidence of distinct source water types and mixing of these waters can be understood by con-
sidering the relative abundances of some common cations and anions as ion concentrations plotted as
percentages from area groundwater samples. Figure 10 shows the relative abundances of these common
ions plotted on a ternary plot. Table 5 also shows the concentrations of these constituents in mg/l. The
most common type of water in this area has Ca and Mg (Ca+Mg) as the predominant cation. There is a
fairly even distribution between waters containing bicarbonate as the primary anion and waters contain-
ing sulfate as the predominant anion. The bicarbonate type of water is common in glacial aquifers of
the upper Midwest (Freeze and Cherry, 1979, p. 284) and is derived from dissolution of calcite and
dolomite minerals in soil and glacial sediments by infiltrating precipitation. Higher sulfate concentra-
tions in the Mt. Simon aquifer tend to occur in the southern and western portions of the study area (Fig-
ure 11) where infiltrating water has passed through Cretaceous sandstone and shale layers that contain
sulfate minerals such as gypsum and anhydrite.

The data from a few samples plotted on the lower right corner of the cation ternary plot show that
some Na/K waters are also present in the area. These Na/K type waters (Mt. Simon aquifer: Norwegian
Grove and Flandreau; Sioux Quartzite: Courtland West) may have a partial deep bedrock origin. Other
evidence of deep isolated groundwater or upwelling from deep crystalline bedrock sources is suggested
by some elevated chloride values of samples collected near the Minnesota River Valley (Figure 12). El-
evated chloride values at the Helget Braulick and Peterson unit sites should be dismissed since samples
from these wells probably contain some chloride from the chloride disinfectant that was added to these
wells during the well construction process.

Trace Elements

Analysis of groundwater samples for a suite of trace element constituents reveal exceedences of drink-
ing water standards for boron (one sample) and arsenic (five samples). A boron concentration of 1,910
ug/l (ppb) was measured in water from the Lake Hanska well that was completed in a Cretaceous sand-
stone aquifer. The Minnesota Department of Health (MDH) health risk limit (HRL) for this element is
600 ug/l. This elevated value is not typical of concentrations measured in the rest of the samples which
otherwise ranged from 74 to 497 ug/l (Table 4). The reason for the elevated concentration of boron is
unknown; however, the most negative '*O value (del -10.27) of all the samples collected in the study
area was also detected in the sample from this well which suggests that this aquifer is relatively stag-
nant and isolated.

Arsenic concentrations that exceeded the federal drinking water standard of 10 ug/l were detected in
samples collected from five wells, three from buried sand and gravel aquifers and two from the Mt.
Simon aquifer (Table 4 and Figure 13). Two of the exceedences (Nicollet Bay unit and Helget-Braulick
WMA) from buried sand and gravel aquifers also contained water from sources with an evaporative
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surface water signature (discussed in the fractionation of source water section). Arsenic in groundwa-
ter tends to come from disseminated mineral sources in glacial till (MDH, 2001; Erickson and Barnes,
2005). Arsenic can be released from these minerals into solution by oxygenated water. Infiltrated lake
water could be a possible source of oxygenated water resulting in the elevated arsenic concentrations
found in these samples.

Two of the elevated arsenic samples were collected from the Mt. Simon aquifer wells at the Peterson
unit and the Nicollet Bay unit. Both of these wells are near Swan Lake in Nicollet County, the ap-
parent source of water with an evaporative signature sampled at the shallow Nicollet Bay unit well.
Elevated arsenic values in the Mt. Simon aquifer may be also due to mobilization of arsenic by oxy-
genated lake water that has infiltrated through multiple interconnected layers of glacial sand and till.

Hydrogeology lllustrated by Cross Sections and Hydrographs from
Observation Well Nests

A set of 12 geologic cross sections were created for this report to provide location-specific represen-
tations of the stratigraphy and geologic structure for each well nest and to provide a hydrogeologic
context for the hydrograph and geochemical data. The cross sections were constructed by projecting
lithologic, stratigraphic, and well construction information onto the line of each cross section (Figure
3) from within a one kilometer zone on either side of the cross section.

Water level data were plotted to create hydrographs illustrating water elevation changes over time.
Hydrographs provide a method of representing large amounts of data from one or more wells. The
water elevation hydrographs are provided for each corresponding cross section. Each hydrograph dis-
plays the water levels recorded in two wells nested at the same site, the Mt. Simon aquifer well (blue)
and the shallower depth well (red). Nested wells are located at the same site within a few feet of each
other. On several hydrographs the difference in water elevation is large enough to require the use of
a secondary axis. The shallower well information is set on the secondary axis and the corresponding
units are indicated on the right side of the hydrograph.

Seasonal high and low water level cycles are apparent on most hydrographs. These are yearly cycles
where groundwater levels decline during the summer months and increase during the winter and
spring. In many cases both nested wells follow similar trends. Average cumulative precipitation in-
creased throughout the period of record for the water level data (Figure 14). A corresponding rise of
water levels throughout 2010 is apparent from the hydrographs at several sites and is consistent with
the cumulative increases in rainfall for the region compared to normal. Considering the relatively long
residence times typical of most aquifers that were sampled for this study most of these water level
fluctuations are not caused by rapid infiltration of precipitation (recharge) but a pressure response to
the increased volume and weight of additional groundwater in the overlying water table aquifer and
shallow buried aquifers (Maliva et al, 2011).
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The hydrograph data of the nested observation wells, shown on Figures 15b through 26b, show two
general patterns of vertical gradients: downward and upward. Most of the hydrograph comparisons
show a downward gradient. A downward gradient exists where the groundwater elevation in the shal-
lower well is higher than the groundwater elevation in the deeper well. This condition indicates that
groundwater will move downward, if a flow pathway is available. Within this group of downward
gradient hydrograph pairs most of the hydrographs follow identical although offset patterns (Sibley
County Landfill, Peterson Unit, Bergdahl WMA, Case WMA, Madelia WMA, Exceder WMA, and
Rooney Run WMA). These identical patterns strongly suggest that fluctuations within both the shallow
and Mt. Simon aquifer well pairs are due to pressure effects of changes in the overlying water weight
of the water table aquifer. A smaller group of downward gradient nests (Severance Lake WMA, Nicol-
let Bay Unit, and Helget Braulick WMA) show shallow aquifer hydrograph patterns that are different
from the Mt. Simon aquifer hydrograph pattern suggesting local pumping or surficial influences in the
shallow aquifer.

The Courtland West Unit (Figure 19b), Long Lake WA (Figure 24b), and possibly Norwegian Grove
WMA (Figure 17b) sites demonstrate locations where upward groundwater movement is apparently oc-
curring. At these locations the groundwater elevation from the shallower well is lower than the deeper
bedrock groundwater elevations indicating an upward gradient condition. An upward gradient suggests
that groundwater from the deeper bedrock will move upward if a flow pathway is available. Upward
gradient maybe due to local pumping influences or proximity to major discharge zones such as the
Minnesota River.

Cross Section A-A’ and Severence Lake WMA Hydrograph (Figures 15a and b)

The Severence Lake WMA is located in northern Sibley County near the subcrop (eastern edge) of the
Mt. Simon Sandstone. The shallow well was completed in a buried sand and gravel aquifer that appears
to be part of a stack of interspersed and hydraulically connected sand bodies. The hydrograph from this
well shows several feet of variation throughout 2010 with low water levels occurring during summer
and early fall (high water use period). Water levels recovered beginning late fall and continued through
early spring. A similar but more muted pattern is apparent for the Mt. Simon aquifer, suggesting no
connection or a very minor connection to the summer pumping that is occurring in the area.

Cross Section B-B’ and Sibley County Landyfill Property (Figures 16a and b)

The well nest on the Sibley County landfill property in central Sibley County is located near the City of
Gaylord. The Gaylord city wells and some domestic wells completed in the same buried sand aquifer
as the shallow well are shown northwest of the well nest. The stratigraphy and geochemistry shown

on Cross section B-B’ (Figure 16a) suggest a direct hydraulic connection between the buried sand and
gravel aquifer in which the shallow well is completed and the Mt. Simon aquifer. The well nest hy-
drographs (Figure 16b) show a downward gradient from the buried sand and gravel aquifer. The area
stratigraphy, long residence times, and identical water level hydrograph trends suggest that the water
level fluctuations are a pressure response to changes in the weight of water in the overlying water table
aquifer.

Cross Section C-C’ and Norwegian Grove WMA Hydrograph (Figures 17a and b)

The Norwegian Grove WMA well nest in northern Nicollet County is located at the eastern edge of the
Mt. Simon subcrop. The cross section (Figure 17a) shows the shallow well is completed in a stack of
interspersed, and hydraulically connected sand bodies and a nearly direct connection of these buried
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sand aquifers to the underlying Mt. Simon aquifer. The hydrographs (Figure 17b) shows a very slight
upward gradient from the Mt. Simon to the buried sand and gravel aquifer. The hydraulic connec-
tion between the two aquifers, however, may not be very extensive since there is a large difference in
groundwater residence time (4,000 years in the shallow aquifer versus 20,000 years in the Mt. Simon
aquifer) and aquifer chloride/sodium concentrations.

Cross Section D-D’ and Peterson Unit Hydrograph (Figures 18a and b)

The Peterson Unit well nest in central Nicollet County is located near the eastern edge of the Mt.
Simon Sandstone subcrop. The aquifer hydrographs (Figure 18a) shows very little fluctuation in water
levels (approximately one foot). The buried sand aquifer water levels are about eight feet higher than
those of the Mt. Simon aquifer. These water level data and the *C residence time of 22,000 year of the
Mt. Simon aquifer suggest that these aquifers are not directly connected and are both relatively iso-
lated.

Cross Section E-E’ and Courtland West/Nicollet Bay unit hydrographs (Figures 19a, b and c)

The geologic setting of two well nests (Courtland West unit and Nicollet Bay unit) in south cen-

tral Nicollet County and an existing well that was sampled (Flandreau State Park) in eastern Brown
County, is shown on this cross section. An upward gradient exists at the Courtland West site, east of the
Minnesota River, which may result in upward groundwater flow direction due to the proximity of the
river. Upward gradients are commonly found near major rivers where groundwater discharges to the al-
luvial aquifer from underlying aquifers locally. West of the Minnesota River a similar upward gradient
is suggested by a 14C residence time of 30,000 years and high sodium-chloride concentrations (Table 5
and Figure 12). These chemical characteristics suggest old, isolated groundwater from the underlying
crystalline bedrock is moving upward through the thin Mt. Simon aquifer to the base of the Minnesota
River alluvium.

At the Nicollet Bay unit location at the east side of the cross section the shallow well is shown complet-
ed in a stacked complex of buried sand and gravel aquifers. The graph of stable isotope values (Figure
9) shows that the sample from this well contains some water that had an evaporative signature from a
surface water source. The detectable tritium concentration from this sample is also good evidence of
focused recharge at this location. The relatively constant water level elevation shown in the hydrograph
from this well (Figure 19¢) and these chemical characteristics suggest a strong hydraulic connection

to a stable surface water source such as Swan Lake. The hydrograph of the Mt. Simon aquifer well at
this location appears to show some influence from local pumping possibly from the wells shown on the
cross section west of the Nicollet Bay well nest.

Cross Section F-F’ and Helget-Braulick WMA hydrograph (Figures 20a and b)

The Helget-Braulick WMA well nest is located in central Brown County near the western edge of

the Mt. Simon Sandstone subcrop. The shallow well, completed in a buried sand and gravel aquifer,
contained some groundwater tht had an evaporative signature from a surface water source (Figure 9).
A very short “C residence value (500 years) is consistent with this stable isotope data. In addition, the
shallow well hydrograph trend follows the precipitation trend of higher than average rainfall during the
summer of 2010, also suggesting a hydraulic connection and pressure response to the additional water
at or near the surface. The muted but similar hydrograph pattern of the Mt. Simon aquifer well hydro-
graph is probably a pressure response.
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Cross Section G-G’ and Bergdahl WMA hydrograph (Figure 21a and b)

The Bergdahl WMA well nest of northeastern Watonwan County and a shallower well completed in
Cretaceous sandstone at the SE Lake Hanska WA are shown on this cross section. The deeper well that
was planned for the Lake Hanska site was not built since no Mt. Simon Sandstone was found at this
site during drilling. Both hydrographs in the Bergdahl WMA well nest show for 2010 a rising pressure
response corresponding to a cumulative increase in precipitation in the area.

Cross Section H-H’ and Case WMA hydrograph (Figures 22a and b)

The Case WMA well nest located in eastern Watonwan County and an irrigation well that was sampled
for this project are shown on this cross section. Some of the youngest Mt. Simon aquifer groundwa-
ter in the area was collected from the irrigation well which is located at the eastern edge of the Mt.
Simon Sandstone subcrop. The '“C residence time of 7,000 years from this well is actually younger
than groundwater that was sampled from the shallower buried sand and gravel aquifer at the Case
WMA well nest. This irrigation well sample also contained elevated concentrations of sulfate indicat-
ing migration through the overlying sulfate mineral rich Cretaceous sandstone and shale. Both hydro-
graphs at the Case WMA well nest show an approximate 4.5 foot pressure response rise in water levels
throughout 2010 which corresponds to a cumulative increase in precipitation in the area.

Cross Section I-I’ and Madelia WMA hydrograph (Figures 23a and b)

The Madelia WMA well nest located in eastern Watonwan County is shown on the eastern side of this
cross section. The Mt. Simon aquifer sample from this location also had one of the youngest *C resi-
dence time values, suggesting a closer proximity to the eastern edge of the Mt. Simon sandstone sub-
crop than is suggested by this cross section or Figure 4. Both hydrographs at the Madelia WMA well
nest show an approximate 4.5 foot pressure response rise in water levels throughout 2010 correspond-
ing to a cumulative increase in precipitation in the area.

Cross Section J-J’ and Long Lake WA hydrograph (Figures 24a and b)

The Long Lake WA well nest located in south central Watonwan County is shown on the western side
of this cross section possibly near the center of the Mt. Simon Sandstone subcrop. Similar to the sites
described on cross sections H-H’ and I-I’, the *C residence time value of the Mt. Simon aquifer at this
location is among the youngest (8,000 years). Elevated sulfate concentrations indicate groundwater
migration through the overlying Cretaceous sandstone and shale.

The shallow well was completed in a buried sand and gravel aquifer just above the Cretaceous sand-
stone and shale. The gradient between the shallow aquifer and the Mt. Simon aquifer is upward (lower
hydraulic head in the shallow aquifer compared to the deeper aquifer) possibly due to intensive pump-
ing of the shallow buried aquifers from domestic wells surrounding Long Lake. The approximate 1.5
to 2.5 foot rise of water levels in both wells throughout 2010 corresponds to a cumulative increase in
precipitation in the area.

Cross Section K-K’ and Exceder WMA hydrograph (Figures 25a and b)

The Exceder WMA well nest, located in north central Martin County, is shown near the center of this
cross section. The approximate two-foot pressure response rise of water levels in both wells throughout
2010 corresponds to a cumulative increase in precipitation in the area.
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Cross Section L-L’ and Rooney Run WMA hydrograph (Figures 26a and b)

The bedrock geology of the Rooney Run area is relatively unknown. The top of the Mt. Simon Sand-
stone at the DNR observation well site was deeper than the top of the Mt. Simon Sandstone at wells
drilled in the Welcome area (Figure 26a). Therefore, a fault is shown on cross section L-L’ northwest
of Welcome to account for this elevation difference. Southwick (2002) also shows a fault in this area
described as an “Inferred fault, mapped beneath the Sioux Quartzite or Paleozoic strata.” The hydro-
graphs of the buried sand and gravel and Mt. Simon wells show very little fluctuation during 2010 and
are difficult to interpret without a longer period of record.

Paleohydrology and Recharge Estimates

Data and interpretations generated by this project provide some basis for a general estimate of ground-
water recharge through overlying glacial sediments and Cretaceous formations to the Mt. Simon Sand-
stone subcrop in south central Minnesota. In addition to improving understanding of the aquifer bound-
aries, thickness, permeability, and extent of overlying confining units, basic data have been generated
regarding the residence time of groundwater in the Mt. Simon aquifer and its source water characteristics.

The 7,000-8,000 year residence time of Mt. Simon aquifer groundwater in the region (see Figure 27,
Watonwan County and adjoining areas and northern Sibley County near the City of Arlington) and
development of post-glacial drainage conditions in the Minnesota River Valley at approximately 9,000
years BP (before present) suggests the current flow conditions toward the valley and slow recharge

of the aquifer began at approximately that time. Prior to that time the much larger volume of water
flowing through the valley as glacial River Warren would have created higher head conditions in that
area and a lower gradient that would have inhibited flow toward the valley in the Mt. Simon and over-
lying aquifers. Siegel (1989) suggests that flow in the Mt. Simon aquifer during the glacial maximum
(16,000-14,000 years BP) was easterly toward the ancestral Mississippi River.

A conceptual model of recharge to the Mt. Simon subcrop is based on geochemical data shown on the
generalized cross section Z-Z’ (Figure 28) which extends from the Long Lake WA site in southwestern
Watonwan County to the North Star WMA observation well in the Minnesota River Valley. This cross
section is drawn perpendicular to the potentiometric contours of the Mt. Simon aquifer (Figure 8) and
is meant to represent a flow path from the recharge areas southwest of the Minnesota River to the Min-
nesota discharge area.

On cross section Z-Z’ 'C residence times are younger in areas to the southwest in the Mt. Simon aqui-
fer and overlying aquifers. Higher sulfate concentrations in the Mt. Simon aquifer in the southwest in-
dicate downward groundwater flow through the overlying Cretaceous formations. Slightly higher chlo-
ride concentrations have been detected in wells closer to the discharge area suggesting some upward
migration of older water from Precambrian crystalline bedrock. Finally, the least negative (warmer)
del *O values are found in Mt. Simon wells on the left portion (upgradient) of the cross section and in
the shallower wells, whereas the more negative del 'O values (colder) were found in wells on the right
(downgradient) portion of the cross section.
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Southern Area Recharge

A conceptual recharge model based on this information is shown in Figure 29. The groundwater resi-
dence times of most of the Mt. Simon wells are assumed to be an average value of age-stratified water
in the well. Actual values from discrete intervals within the wells might vary from top to bottom. There-
fore, an assumed 5,000 year value contour was placed near the top of the Mt. Simon aquifer for the
wells in the “post-glacial recharge” area. The depth to the top of this contour in this area ranges from
approximately 350 to 450 feet. Assuming an average depth of 400 feet (12,192 cm), an average porosity
of the material overlying the Mt. Simon at 20 %, the amount of recharge moving downward to the top of
the Mt. Simon aquifer would be approximately 0.49 cm/year. The area labeled “post-glacial recharge”
(Figure 27) is approximately 960 square km. The volume of recharge across this area would be approxi-
mately 4.7 million cubic meters/year or about 1.2 billion gallons/year.

Northern Area Recharge

A similar recharge estimate of the Mt. Simon aquifer for the eastern portions of Nicollet and Sibley
Counties (area north and west of the Minnesota River) is more difficult since only a small portion of
the area west of the City of Arlington and the Severance Lake WMA is shown as post-glacial recharge
(Figure 27). In most of this area *C residence time values are approximately three times older than the
youngest values southwest of the Minnesota River. In general, groundwater recharge of the Mt. Simon
in the northern portion of this region (north and west of the Minnesota River) is probably lower than in
the southern part of this region (south of the Minnesota River).

2009 Groundwater Appropriation

Southern Area Appropriation

For this appropriation discussion the southern area is defined as a triangular area that extends from the
southernmost well nest (Rooney Run WMA) to Mankato and along the Minnesota River to New Ulm
(Figure 30). Mt. Simon aquifer groundwater in the southern area is currently used by permitted (large
capacity) municipal wells, agricultural processing wells, and irrigation wells (DNR web page). The
DNR 2009 reported use data indicate approximately 2.2 billion gallons were pumped out of the Mt.
Simon aquifer in this area. However, the actual volume pumped from just the Mt. Simon aquifer is less
since some of the older municipal wells in the area are also open to overlying aquifers. The Mt. Simon
aquifer annual pumped volume, therefore, may be more than the recharge described in the previous sec-
tion. Permitted volumes (volume of water that the users are allowed to pump) for appropriators in this
area are approximately 4.7 billion gallons per year.

Northern Area Appropriation

The northern area is defined as the eastern parts of Nicollet and Sibley Counties. Mt. Simon ground-
water in the northern area is currently used by permitted (large capacity) municipal wells, agricultural
processing wells, and crop irrigation wells, and golf course irrigation wells (DNR web page). The DNR
2009 reported use data indicate approximately 1.1 billion gallons were pumped out of the Mt. Simon
aquifer in this area. As in the southern area, the actual volume pumped from just the Mt. Simon aquifer
is less since some of the older municipal wells in the area are also open to overlying aquifers. Permitted
volumes for appropriators in this area are approximately 1.9 billion gallons per year.
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Conclusions

The results of this project suggest that Mt. Simon aquifer groundwater use in the study area, for the
most recent period (2009), may be more than the replacement rate along the Mt. Simon Sandstone
subcrop. Continued monitoring of the observation wells in this region should help determine if more
water is being used compared to recharge. A major accomplishment of this project is the creation

of a network of observation well nests along the western margin of the Mt. Simon Sandstone that

is considered an important recharge area for the aquifer. Long term water level and geochemistry
data from these wells will enable future hydrologists to evaluate the local and regional effects of Mt.
Simon aquifer groundwater pumping in the region. In addition, this project demonstrated the value
of continuous, nested water level measurements, groundwater chemistry, and residence time data in
constructing conceptual models of groundwater flow and recharge.
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Mt. Simon Sandstone thickness
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Figure 14
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October 2009 — September 2010

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

47



V-V uoljoes ssoli) (wdd - /6w 19) €2
eg| ainbi4 (wdd - /6w ejeyns)  ¥8G
(921n0s Jo)eM 9oBNS B WOI) J8)em pajeiodess swos sulejuod ajdwes suesw , ‘08| Byep) S1'6-

(s1eak ‘awn douspisal OyL) 000L

2j0y uado 10 USROS [|OAA

Buiseo |jap

(1MD) Joqwinu anbun

6¥0€¥00
6960206
82€2.L900

6255200

v eouawy Bunoy
poomioN

190600

X0g = uopesebibexa [ealeA  jesy 0005 5001 aulEISAIO UBLIqWEDaI
a—

i
o

-
4

829€9¥00 =
22075700+

€V02200 ZYY0LL00
VINM @YeT 2ouesanag

(Isw 308}) uonens|g

26909200 [

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

48



ydeiboipAH

VINM 8¥eT aouelanas
gg1 @inbi4

(Y¥g0) suonena|q 1ajepn

a1eq
L-Inp Li-Repy FE-BN L-uer 01-"oN 0)-dag 0L-Int 0b-Aep 0L-1E Qf-uer G-"OM B0-dag
0LG 09g
c98
W80 EvF0LL ASS—

a6 | SO Zrh0LL A3S— o8
3?. 998
..E_-__-ﬁb._}_m__.%‘_ I _.E_jgrlrzg\{;ﬂ;é. _:{l}r(tss._ .._L—s)zg’llz' o

0Z6 - %;5.‘5_.%
048

W
\( / \\x\. [k
Ge6 -
A +\ T8
.._..(i = 918
/P.. _I..\_(r.\.\(_.l)t\.

0c6 e 8.8

038

(SLWD) uopeaa|q sajepp

49

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



,g-9g uo1j08s sso1)
eg| ainbi4

(921n0s J}EM B0BYINS B WO} J8jem pa}eIodeAd awos Sulejuod ajdwes suesw , ‘Og| Blep,
(sseah ‘awny souspisal Oy

X0G = uoljesabbexa |eoruep

W4 97 Np puo4 pue As|youly

193} 0005
o=

¥001 aul|je)sAud uelquiedald

(wdd - 6w 19) €2
(wdd - /6w ejeyng)  p8g
) S1'6

) 000Z

// ,/ oo
6SET por
(517 0sY
SL°6: 005
0002}
\ 0SS
ey'e \ 009
8'6C
joAe.B/pue 6001~ 059
\ e1oel 000'8} ;m 00.
052
008
0S8
006
) mm ! 056
3 000}
=N
B8R
R:|
<]

L¥p0LL00 0VY0LL00
fadoud 09 As|qis

piojhes

(Isw 108}) uoneas|g

ajoy uado 10 UBBIOS |9

Buiseo [jap

(1MD) Joquinu anbiun

26909200 [

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

50



liypue Auno) Aeigis

ydeiboipAH

q9| 8nbi4

LAnr

Li-Rep ppep pp-uep o Ql-aeN gl-des

ajeq

Qk-nr

01-fepy

0L-Tel

oL-uer

GO-AON

G0-dag
6898

YWao wr0ll 1S —

SIND 0FF0LL A0S ——

]

G698

0i8

G018

L8

G148

cl8

CEln

uoljeaa|q Jajepn

51

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



,\D-D U0I}08s SS01)
e/ | ainbi4

(wdd - 16w 12) €2

(wdd - /6w s1e)NS)  $8S

(921n0s Jsjem a2eNS B WOoJ) 18)em pajeiodess swos sulejuod sjdwes suesw , ‘08l Blap) GL'6-
(sseak ‘awn aouspIsal L) 000L

ajoy uado 1o USROS ||

Buiseo |lop

(1MD) Jaquinu anbun

X0G = uonesabbexa [eoipap 198} 000G

w4 0B Np puo pue AspjoulH

(Isw jo9y) uonens|q

|

g . _ 0001
o
: o)

SYY0LL00 YYPOLLOO
VINM dA019) ueiBamioN

26909200 [

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

52



ydeiboipAH
VINM 81019 uelbamioN
g/ @inbi4

Li-np LL-fep LL-ER

Li-uer

0L-M0ON

aeq
0L-dag

Q-nr

0L-Aepy

01BN 0p-uer

B0-"ON

0-dag

128

Gles

—

8es

Goen

—_—
—

628

T

SLND vrF0LL ON—

wvaD Srr0il ON—

0ER

Gpes

LEB

uoness|3 Jajeps

53

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



Swan Lake WMA

Peterson Unit
00770449

91262900

6968.2900-

P
SRS

SRS
%
RRKS
KRS
%
X5

&
SRR
5
KRRAKK
SHLRK

9
O

R ::0 :::,

X%

9S00,

5%

fa 25585

<
9

(Isw jo9y) uoneAs|q

= 50X

Vertical exaggeration

5000 feet

Unique number (CWI)

Well casing

Well screen or open hole

Figure 18a

Cross section D-D'

-9.15 (delta 180, * means sample contains some evaporated water from a surface water source)

584 (Sulfate mg/l - ppm)

7000 (14C residence time, years)
23

26909200 [

(Cl mg/l - ppm)

54

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer




ydesBoipAH
Jun uosialad
ggl a4nbi4

hric: (e UL BLE B RES L)

LN

GEs

G'GeEs

9e8

Goce

1£8

Gles

2ER

G'aes

GES

LL-RE Ll LLeuer

WwvaD 05¥0LL —

SLND 6vr0Ld —

i

A
_

m

—
_—
——
;'-——

———
—
——

GO-desg

T

&'628

DEB

G'0ER

LEQ

GLEB

£EB

SRAN:

EEB

55

S1WND uoheaa|q Jajepn
South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer




,3-3 UoI)o8s SS0I)

eg| ainbi4
08l
sll 10L
99°6- S8 uo
0008l __ s gy o
(evep Oy ou)
™~
L
El——— N €6
< \ple
hery
L| Wi paxiy
r __ 2 joAeIB/pUES -
eloe|6
A8 8 VR P
g a3 g | 2%
3 @ ORV

¥9289.00 €9289200
nun Aeg 39]109IN
VINM 33eT uemg

9289200 1928900
nun 3S9M puEINoD
VINM 3¥eT uemg

9€2SGY 00—

€9€96900

(wdd - bw 19) €2

(wdd - /6w sjeyng)  ¥8g

(821n0s Jajem d0BLNS B WO} Jo)em pajeiodens swos sulejuod sjdwes sueaw , ‘08| eyop) Sl '6-
(s1eak ‘owny souspIsal OrL) 000L

ajoy uado Jo UsaIs [|ap

Buise |lap

(IMD) Jaquinu anbiun

1984 0009
——

X0G = uoneiabbexs |ediuap

26909200 [

3001 auljjeIsAIo UBlLIqUEdald

D
leroe|f

8€€S0¥00

Uz
0y
005
09G
009

J9AIY BlOS3UUIN
6L12E200!
5628000

)ied ajels neaspuelq

(Isw 1084) uoners|3

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

56



ydeiboipAH

JUN 1S9 PUBLNOD

g6l einbi

LN LR LB LL-UeR OL-AON 0L-deS oL-Inf OL-Re OL-repy

J1va

——

Wva0 £9¢89L —

XSWhd 19¢88 —

0L-UBl GO-ACN G0-daS GO-INM GO-ABIN BO~BIN G0-UB B0-AON

Ga8

G'cag

988

oag

188

6283

aas

c'aag

688

uolnenaly Jajepn

57

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



ydeliboipAH

nun Aeg 19j|00IN

26| @inbi4
aeq
-Gy LL-dy 0L-28Q 0L-Bny 0-1dy 60-22Q 50-Bry GO~dy 80-22Qg
08 00°ZE8
YaD ¥9280. ——

A SIMDE9ZEI, —— i: 0D EER

o L . .__diik - ,____ ft _ 00 v£8
5 ! _‘,
0
T
] £¥8 - 00°cEs
5
-

8 g 0098

08 0088

SLIAID Uorenafd 191y

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

58



,4-4 uol08s sso1) (wdd - /6w 1) €2

epgz a24nbiy (udd - /6w ejeyNg)  ¥8S
(201n0s Ja}eM a0eyNS B WoJj Jajem pajeiodensd awos sulejuod ajdwes sueaw , ‘08l B}ap) Gl 6-

(sieah ‘awp douspIsal OFL) 000L

ajoy uado Jo UsBIOS |8\

Buiseo ||opm
(IMD) 4oquinu anbun
X0G = uonesabbexs |earuan 198} 000G
G
0SS
ss 3001 8ul||eIsAID ueLIquedald 009
S 3, 9ve
161 059
34 83 oo,
000°€} 2
05, S
o]
] 008 3
@
0S8 @
3
- 090 006 @
N 18y 056
m\\/v . ZJ_\_\{\F ! 1l «mw%m. . 0001
$ s 22823 g £ & E s83 8 g 8
d N g R 88 g = 8 g8 % 8 3
. 3 8 G B g & 2 @2 3 B 84

09289200 65289200
VINM Xd1neag jabjaH

59

26909200 [

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer




VINM >olineig 19b6j8H

ydeiBoipAH

g0z 4nbi4
J1va
Li-dag LL-Aepy LL-uep 0L-dag 0L-fe OlL-uep Go-dasg GO-AEly BO-UEp

Z66 036

£66 126

66 f{%; f 236
= C6B A £96 m
g g
z M, :
m, 966 86 w
) =
O
m =

866 \_\477/ \A:..L 936

L\\ //Zz}ﬁ‘\ a0 09289, ——
666 i\ﬁ)‘f)tﬁ S1WD 6789 —— 186
ook 836

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

60



.DH-9 UO0I}08s SS0I)
ez ainbi4

w4 9e7 np puo4 pue AspjoulH
| \

(wdd - /6w 19) €2

(wdd - /Bw seyns) 485

(921N0S Ja)EM 80BJINS B WOJ) 19)em pajeiodeAs awos sulejuod sjdwes sueaw , ‘08l BYSP) S1'6-
(sieah ‘awn souspisal D7L) 000L

aj0y uado Jo USBIIS ||IIM

Buised ||lapn

(1MD) Jequinu anbun

1994 0005
—

X0G = uonelabbexa |eaiuap

N\

leisAi) axen

16660200 ==

16909200 06909200
VINM lyepbiag

00€
3001 aul||eysA1o uelqueodald 0se
00
05T
00S
0SS
009
059
Louojspues pue LZ¥ 002
oleys snoaoejal)  vvS 0S.
120lx 00s
0S8
006
056
0001

|enelb/pues |eloelb

(Isw 308}) uoneAs|g

(I7) syuswipes
|eloe|6

9

26909200 15909200
VM BjSuey aye

26909200 [

61

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



ydeiBoipAH
YINM Iuepbieg

g1z @4nbi4
a1va
Li-dag Li-Repy LL-uep nL-deg R 0-uer gO-dasg GO-AEl GO-uer
9%h
8%h
WA
" 79 =
g
m
2
=
¥96 2
L../LJ l&L\LI\iL 0og
14%\47\ WvdD 06909 ——
b 896
}..i\?\ SINDL6909. ——
0.6

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

62



00760686 00760687

Case WMA

L€299900=

Irrigation well
00132275

Figure 22a
Cross section H-H'

7
e
3
2
g
@
2
8
3
©
£
s
x 2
B g
1] B
n 2
g g
= o
g :
) 2]
—_ (2}
8 £
%0 £ £
2K g 8
KK : eg
L “ °>J- b
5 ge=
< - ESE
1 el cis_
5505 % 3 s 558
KRS e = 2 ggg?
XS % © 5§ 8%2es
oo %5 s § So8?
[ o [O——3
K KX E o ° 830
X ] 2 g “=2=
S <R ? 8 5 894
RS " g 5 s 23383
:‘:. < 5 = S
Ly2r29004 ’0’0’ 26909200 [ |

800

B 8
I o oS
- -

(Isw 109}) uoneAs|q

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

63




ydeiBoipAH

VINM 8se)
qge @inbi4
aiva
L-dag LAy Lh-uep 01-deg 01-fep 0}-uer g0-deg B0-fepy gO-uer

866 £96

666 ¥86

0001 d 596

LO0k | 986
] 8
m  Zool ! } 186 m
T HLL
g 2
-3 ..Wo
c 1) )
m £001 _i i ,.}_} { 836
%Jj g
|_
ol ’

¥00L ﬁ%f_fi T ] ¥ 626

G001 . o 066

igsr iii{ /‘%‘ VgD 98909 ——
9001 1,_ S1MD 218909 — 166
1001 Z66

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

64



-] uonoas sso1)
egg ainbi4

D 0.9.9.9 . 0:0:0.0:9.9.9.9
9000009500009 9 99
Q

w4 aue neg

SS doMauopn

do Ayo jpuung

950\ | /| N
1'66

e — .NO..mu /4 | —
000°F

256228900+
04988100

6890900 88909.00
VINM eljapei

(wdd - /6w 19) €2
(wdd - /6w @1e)NS)  $85

(201N0S Jo}eM 80BLNS B WO} 19)em pajeiodeAs awos sulejuod ajdwes sueaw , ‘08l e)ep) G 6-

<X
%%
KRR
000
SIS

66051200

sswer 18

(sseah ‘o souspisal OF|) 000L

ajoy uado 40 UBBIOS ||DAA

Buiseo [jap

(IMD) Jaquinu anbun

X0G = uoljelabbexs |eaiuap 1994 0005

000000
00000000
GRRIRKRRKS
LIRRREERRLKXR

m
[0}
<
8
g2
=

z
oA
SRHRHLIKRKS g
SORILHKAIIKS =
LGRILHRILRS
000}
050}
0oL

6109100
18¥82100

26909200 [

65

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



ydesBoipAH

VINM Blispen
ggz ainbig
31va
LL-deg LL-fREpy LL-uep 0L-dag 0L-fepy Q-uer GO-deg GO-REpy GO-UED

LEOL FLOL

£C0L gLol

ool ,__ [ i aLol
= £
: A g
s m
m —
; £
g  /c00 {?_.3__ Wy 0201 m
5 [ =
=2 =
=
= (%]
| =

) =
GEOL ...LL; rfs_ zzol
134y 88909, ——
L¥0L ijfis} vy ¥Z01
ﬁsi‘..? S1ND 68909 ——
EFOL 9z0l

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

66



M-l Uo1Oas SS0ID
ez ainbi4

do Ao |euuny

2¥85.500
12051200

a|jAsimaT

|enelb/pues |ejoe|b

Y€5€5900

(wdd - /6w 1) €2
(wdd - /6w a1eyng)  ¥85

(921N0S JojeM BOBLNS B WO} JoJeM pajeiodens swos sulejuod ajdwes suesw , ‘08l e}op) G1'6-

")
J

22509100
Y.25¥100+=

X0G = uonelabbexa |eoipap

6€¥0L2L00 NN?ONNS\
VIAM axe Buo

(s1eak ‘own douspIsal OpL) 0002

ajoy uado Jo Usa.0S [|9M

Buiseo |lapm

(1MD) Jaquinu anbun
1994 000G
L]
XX
R
XX
m
2
L
=
=}
T
e
3
@

| |

26909200 [

67

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



ydeiboipAH
VM 8xe buo
qig 2inbid

Lh-dag

Li-fepy

31va

gL-dag

oL-fepy

0L-uer

w80 6EV0LL —

SIND £ev0ll —

gordag

8601

g'a60k

6601

G660k

0oLk

G 00k

FOLL

SLOLE

cObL

GE0kk

£k

uonenaly Ia)enn
South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

68




M-M uonoas ssol)
egz ainbi4

Lv12100
~—

6€189200 52189200
VI 13padx3

(wdd - /Bw 19) €2

(wdd - /6w sjeyng) 85

AOD._:OW Jajem adeuns e wolj Jajem _uwuN_oaw>0 BWos sulejuod U_Q_.:mm sueaw , .Ow_. mu_w_uv SlL6
(sseak ‘awn 9ouBpISal OyL) 000L

ajoy uado Jo UaaIS [|I9A\

Buised ||Iop

(1MD) Joquinu anbun

X0G = uonesabbexs [earuap 1994 0009

(Isw j09}) uonens|g

§¢612100
o
e}
N
~

26909200 [

69

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



1116

1115

1114

1IYH uoljeaa|y Ja)epn

1113
1112

1111

1110

) WMM

f

—— 768125 CMTS

—— 768139 KRET

W

1106

1105

1104

1103
1102

SLND uoleaa|g Jalep,

1101

1100

Oct-09 Jan-10 May-10 Aug-10 Mov-10 Feb-11 Jun-11 Sep-11

Jul-08

Mar-09

DATE

Exceder WMA

Figure 25b
Hydrograph

70

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer




-7 uonoss ssol) (wdd - /6w 19)  €¢

egg ainbi4 (wdd - /6w apyng)  +85
(901Nn0S JojeM 80BJNS B WOJ) J19}em pajeioders swos sulejuod ajdwes sueaw , ‘08| e)op) Gl 6

(sJeak ‘awn souspisal Oy|) 0002

3|0y uado J0 USBIDS []9

Buises |japy

- 99,
X0G = uoneiabbexa |eoiuap 199} 0005 (1M5) soquunu onbun

OO OISO
SRRKS 3 R RIIIRIKIKE
LRI Wi
IR ILRLIRIIRRRLRKRKK
RIS

SSLSRRERELIRRKS
CRRRLLRRLELRLLE
2020202020302 %% %%
QRRRIRRHLKS
LIRERRLELEES el
SRRHLELRHK
RRIRIERKS

(Isw 308)) uonens|q

i
m_ﬁw I L w M i S
N 8 I o N
B8 88 852 8 3 g 3
1 32 3 23 sAN R X 3 3 1
) =3 83 3288 & ™ e9lL2200 VOLILLOO S 3
3 2 Jo I8 >
Y VINM uny Aauooy
QWOD|9M juowi|

| |

26909200 [

71

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



ydeiBoipAH

VINM uny Asuooy

ke

q9g ainbi-
31va
Li-fep Ll Lp-up o gpAeN Qbdes gbeine ob-fRW QbR Qk-uer go-aoN pO-das
EELL
CEELL
WvaD 9L —
FELL
SLND £9LLLL—
; SYELL
] ") WP \ 1l * J)_'L
; _gé, |

- ..— r __—— L ___? g F_ 1 mmmf—.

if,i_i_ _ VY

| |
J ! _,__ g9ELL
1 }%- wl ’ B
3 :._ _ ._ .__ —L‘ .E. mmm_‘—.
}3.,,; }S

| 3 5L
CLELL
BELL

uonena|g Jajepn

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

72



Post-glacial

recharge

10000

-9.28§

8000

’
1 O

1 13000/
-8.56

\
\
Brown M
S
Ty _‘;
4
Watonwan Vs
4 ’
! e
7 - 7000
r 9.15
’
| ¢
! Plost-glgcial
! recharge
1 \
1
\

@)

7000
-9.18

Mixed
post-glacial
recharge

1000

-9.36

o

and older
water

e

Blue Earth

0000

20000

Estimated residence
time in years (carbon-14)

33 -100

101 - 1000
1001 - 10000
10001 - 25000

@ 0 OO0

25001 - 60000

Martin

-9.85 - delta 180 value

— > Mt. Simon
groundwater flow

directions

—— Regional west boundary Ce

e Regional west boundary Cm

Figure 27
Mt. Simon recharge interpretation

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

73



ejep |eolwayooab
po109|8s pue ,7-7 UOoI}08S SS0ID paz||etausas)
8z a.nbi4

pajoafoud ejep ||om YN 9SeD,

—
10 1/Bw 82
aeyns |/bw /6 (o1ydioweysw pue snosubi)
sJA 000°0€ _ 3001paq sul|e}SAID ueliquedald
auo}spues FEAAN
T uowis — 081'18P 9€°6-
08l I19P 6€°6 | 19 1/Bw 2
ot I3 VLY aeyns |/Bw £zg |
uoleanssqo w4 ale|9 neg ajeyns |/bw 98G SIK 00001 08l 18P G1°6-
VIAM sih 000°02 * | 1oubwy
18]S YUON ajeyns |/bw |G/ 08l 8P ¥9'8-
SRR sIA 0002 10 1/Bw |
e o ajeyns 6w pii'L
— D s1A 000'8
- Ud\/ — ~—
[ — H/
| 08l I19pP L0076~
— | 19 /6w 2 / sleys pue
N MDA olEns _\mE 0ce BUO}SPUES SNOBJEJRID
- S
= ~ 10 /6w Z e (s pue ‘Aep pajenualayIpun
< = = ajeyns |/Bw G ‘pues pappagJajul)
5 - - _ sik 000'8 sjuswipas |eloe|b
E - - - . 08l IoP.LE'¢:
@ - = 4 S Oljsuyoy,, 10 /6w 8
= | o e0d gy, vowg - ajeyns /6w G99
6 === S s1A 009'2
Py 1s8u ||am YAM |Yyepbieg - — _
m «Bllepa|y Jo A0 s|jom uolyebul| T - - .
< T - -
g sawer 1S o A0 i — —
Z 2 o=

159U [|9M WM 8xeT] mcog

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer

74




abJeyosip pue abieydal uowlis IA
,Z-Z Uo1108s ssod) gz ainbi4

I~

uoleAI8SqO
YIANM |
1el1S YUoN

Ka||e/ JaAIY BloSauUUInN

SS JOMBUOAN

dnoib Ay jsuuny

(s pue ‘Aeo
‘pues pappagiajul)
sjuswipas |eroe|d

1s8U |jom VWM lyepbieg |\/\
silom co:?/
sewer 1g Jo 3_01/\/

1S8U ||oM YA 8YeT mco._/J\/lk/

pajosfoid Ejep ||om YINM 9SED,

- -
— -
, -
P
LeS) ’
1 S
< S
2 L/\OOL
> \«U{
8
|
p
-
- - -

«BlIlepaIN Jo AN

(oydiowejow pue snoaubi)
300Jpaq aulje}sAid UBlIqUEDDId

uowis IN

-

-,

sieaf | 005z

-~
SJ mwﬂm O,

oleys pue
BUO}SPUES SN0BOEJAID
pajenusaiayipun

z

75

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



Plato ?1
well nest location @ ke - o ° /8/ o od
Btewart Brownton Glencoe v csm;":msma Cologne
Groundwater appropriation 2009 ° s o
(million gallons/year)
Unconsolidated Mt. Simon
sand and gravel and combinations ° Severence' lake WMA °
Green Isle
o 00-20.0 o 0.0 -20.0 Néw Auburn
O  20.1-400 O  20.1-40.0
Belle Plaine
Arlington
QO 40.1-60.0 O 40.1-600
QO 60.1-800 O 60.1-800 o @
Sibley,Co property
O 80.1-100.0 O 80.1- 100.0 Gibbon O Henderson
O 100.1-857.5 O 100.1 - 1370.1 Le Sueur
Norwegian Grove WMA
& —9
Lafayette
Regional west boundaries
o
Eau Claire Formation (shale) O Le
e Mt. Simon Sandstone
Peterson unit

o
Saint Peter O Cleveland
o © °
5\ee;@<,6 O °
‘Cobden Kasota
Courtland E,) O
(@) 4 o o) Nicollet Bay unit =
Spnn@\d o 1o o 4
F 7
a Madison Lake
© \ o
o o ‘ N o Néeth, Mankato
° °Q®. 9 N
o O o \ ~ Eagle Lake
o o A/ a SE Hanska WA Mankato
o Comfrey han i _.*_ .y .Bergdah\ WMA ‘G' ) Lake Crystal o
Darfur oLa sale (@) Saint Clair
° @]
o oO
. Vs Madelia o
’ Case WMA Good Thunder Pembertf}
MWMA yo Vemon Center
o Saint James O
o Butterfield , h
Mountain Lake I o J
ake J | Long Lake, WA Mapleton
s ewisville
\ - ! Amboy
odin \
S o
A ®
Ormsby € O o K' Minnesota Lake
1 (o]
\ %Exceder WMA Truman
\
-
\
\ o Winnebago Delavan Easton
~ -~ ° o
~ Northrop Sranad
< ranada
-~ .
oo Figure 30
W“‘“’m“o Mt. Simon observation well nest
© o locations and 2009 groundwater appropriation
° Sherbum Fairmont (millions of gallons/year)
Alpha (, o
Jackson

76

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer



Appendix A

South-Central Minnesota Groundwater Monitoring of the Mt. Simon Aquifer 77



Geological Log Legend

Lithologic Description Lithologic Symbol

Top Soil

Till

Lake Deposit

Outwash

Sandstone e

Sandstone ]
and shale it

Shale

Quartzite

Igneous or
metamorphic
bedrock
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Severance Lake WMA
County Sibley
Nested Well Construction
Depth Elevation Lithology 0 Gamma 250
770442 MN Unique 770443
—0 -
| 1000 |\ Topsoil XQA
K L Till (multiple sources with : QC
| outwash) > <>
= r XO — Grout —— Grout
L A
r [ my pa
i i \_/4 - ——— Water
— 100 level
- — 900 f
| &
L NN L
i Outwash 29,0 ——— Water es— 4 Inch
L = O O - level casing
r B Till (multiple sources with +
r outwash) R
- = S
— 200 -
L ©
- r Outwash - Undifferentiated NN B —— 4 Inch
- I O Casing
N O = well
| L O "0 screen
L 300 O
L — 700 @Rt
K L Lake deposit
L = 53_
- —= i:
— 400 Eau Claire Formation
- — 600
- - Mount Simon Sandstone
— 500
- — 500
I L ——— Open
K Hole
600 400
K Hinckley Sandstone
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Rooney Run WMA
County Martin
Nested Well Construction
Depth Elevation Lithology 0 Gamma 250
771163 MN Unique 771161
fo — 1200 Topsoil \A<>
B i Till - New Ulm Formation N, — Grout —— Grout
i = . <> | 4 Wwater ——— Water
i i Outwash (NW source) XCA ] level level
— 100 — o=
L 1100 Till (NW source) \A<>
i : XOA
K r Lake deposits (NW source) i
K B Till (NW source) 1 T
— 200 |— 1000 -~
i L N -— 4-inch
= . QC casing
| 2
— 300 |— 900 . <>
= - XOA —— 4inch
L L Lake deposits - casing
L undifferentiated
— 400 |— 800
B i Outwash (NE Rainy source) ]
L L = Well
- Wonewoc Sandstone (Upper Screen
- - Cambrian)
— 500 — 700
r u Eau Claire Formation (Middle
K N to Upper Cambrian)
L | Mount Simon Sandstone
L (Middle Cambrian)
600 | 600
N - Pre-Mount Simon saprolith — —]
F ? T L
B i (@) — = = ——— Open
L o - hole
— 700 — 500 |/ Granitic rock? (Neoarchean) \[T_ ]
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Geological / Geophysical Logs and Well Construction Diagrams

Elevation

Lithology

Site Name

County

Swan Lake WMA Peterson Unit

Nicollet

Gamma

250

770449

Topsoil

Till - Des Moines Lobe (high
shale member)

Outwash - Des Moines Lobe
(moderate shale member)

Till - Des Moines Lobe
(moderate shale member)

Outwash

Unnamed formation (Lower
to Upper Cretaceous, Albian
to Cenomanian)

Eau Claire Formation

Mt. Simon sandstone

Unnamed granite/gneiss
(Archean)

Nested Well Construction

MN Unique 770450

~— Grout o

——— Water
level

—— 4 inch
casing

——r— Open
hole
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Norwegian Grove WMA
County Nicollet
Nested Well Construction
Depth Elevation Lithology 0 Gamma 150

770444 MN Unique 770445

| Topsoil
r [ Till - Des Moines Lobe (high 4 Grout ~ Grout
- shale member)
: i Outwash - Traverse des
i L 900 Sioux Formation (Rainy lobe)
— 100 [
L L —— 4-inch
r casing
B N Till - Traverse des Sioux
r Formation (Rainy lobe) Water Water
r N level level
- Outwash - Traverse des 10
L — 800 Sioux .

inch
r o : casing
L 200 F Till - Traverse des Sioux '

4 inch
B | Outwash (NW source) casing
= Till (NW source)
L Outwash (NW source) = Well
L - screen
B Lake deposits
r — 700 | Gutwash (NW source)
— 300 [ Lake deposits - Undiff. n
L = Outwash - Undifferentiated %_E
I _ . ==
L L Eau Claire Formation ———

=t

B | Mt. Simon sandstone
L — 600
— 400
r N tttt ——— Open
- "ottt = hole
[ 500 LIEBE I
- 500 '.:'.:
- | el =
I Fond du Lac Formation Teletete|l =
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Geological / Geophysical Logs and Well Construction Diagrams
Site Name Swan Lake WMA - Nicollet Bay Unit
County Nicollet

Nested Well Construction

Elevation Lithology 0 Gamma 250

768263 MN Unique 768264

N Topsoil
Till - Des Moines Lobe 4 Grout 6
r Outwash - Des Moines Lobe
— 900
— 8inch
- casing -
Outwash - Undifferentiated _
I — Water
- level
— 800 —
Qutwash (NW source) —_—
B —— 4 inch
Lake Deposits - casing
Undifferentiated
Wonewoc Sandstone
— 700
Eau Claire Formation
Mount Simon Sandstone RN
— 600 IR =1
2 e =T
. . . . . : .: ==
N RN E}__ ——— Open
S =N hole
- 500 el 0
cL .. OO— Stabilizer
- *etetete O pack
otee’e )
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Madelia WMA
County Watonwan
Nested Well Construction
Depth Elevation Lithology 0 Gamma 250
760689 MN Unique 760688

—_0 I Top soil ERREESSEEY
i - Lake Deposits - Glacial Lake | —- —Q ] ~— Grout |~ Grout
i i Minnesota Q | RN Water
- . P S — W
i Till - Des Moines Lobe O<>/ ] Ief;fr o level
- — 1000 N a4 4-inch
L Outwash N casing
B 100 Till - late or pre Wisconsin? XUA
i Dakota Formation ] L =—— Well
i - | | screen
- oo =
B | | ==
-0 — |+
—200 | el
- L ] = )
I~ Tunnel City Group ] == g;:i%h
[ 8o ] === k
— 300 |
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Depth Elevation
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Long Lake WA
County Watowan
Nested Well Construction
0 Gamma 100

770427 MN Unique 770439
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Till - Des Moines Lobe (low
shale member)
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carbonate-rich formation
(northwest source)

Dakota Formation
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Middle Cambrian?)
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Lake Hanska WA
County Brown
Nested Well Construction
Depth Elevation Lithology 0 Gamma 600

760651 MN Unique 760692
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Helget Braulick WMA
County Brown
Nested Well Construction
Depth Elevation Lithology 0 Gamma 100

768259 MN Unique 768260
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Depth Elevation
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Geological / Geophysical Logs and Well Construction Diagrams
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Swan Lake WMA - Courtland West Unit
County Nicollet

Nested Well Construction

Depth Elevation Lithology 0 Gamma 400
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Case WMA
County Watonwan
Nested Well Construction
Depth Elevation Lithology 0 Gamma 250

760687 MN Unique 760686

Top soil
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Depth Elevation
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Geological / Geophysical Logs and Well Construction Diagrams
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Geological / Geophysical Logs and Well Construction Diagrams

Site Name Sibley County Landfill
County Sibley
Nested Well Construction
Elevation Lithology 0 Gamma 250

770440 MN Unique 770441
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