ZUSGS

science for a changing world

Prepared in cooperation with the Minnesota Department of Natural Resources

Groundwater Discharge to the Mississippi River and
Groundwater Balances for the Interstate 94 Corridor
Surficial Aquifer, Clearwater to Elk River, Minnesota,
2012-14

Scientific Investigations Report 2017-5114

U.S. Department of the Interior
U.S. Geological Survey



Cover. View looking upstream the Mississippi River, just north of the MN-24 bridge in Clearwater,
Minnesota (photograph taken by James Stark, U.S. Geological Survey, September 13, 2012).

Back cover. View looking across Mississippi River at two USGS hydrologic technicians taking an
ADCP measurement (photograph taken by James Stark, U.S. Geological Survey, September 13, 2012).



Groundwater Discharge to the Mississippi
River and Groundwater Balances for the
Interstate 94 Corridor Surficial Aquifer,
Clearwater to Elk River, Minnesota,
201214

By Erik A. Smith, David L. Lorenz, Erich W. Kessler, Andrew M. Berg, and
Chris A. Sanocki

Prepared in cooperation with the Minnesota Department of Natural Resources

Scientific Investigations Report 2017-5114

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
RYAN K. ZINKE, Secretary

U.S. Geological Survey
William H. Werkheiser, Deputy Director
exercising the authority of the Director

U.S. Geological Survey, Reston, Virginia: 2017

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment—visit https://www.usgs.gov or call 1-888—-ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit https://store.usgs.gov.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Smith, EA., Lorenz, D.L., Kessler, E\W., Berg, A.M., and Sanocki, C.A., 2017, Groundwater discharge to the Missis-
sippi River and groundwater balances for the Interstate 94 Corridor surficial aquifer, Clearwater to Elk River, Min-
nesota, 2012—14: U.S. Geological Survey Scientific Investigations Report 2017-5114, 54 p., https://doi.org/10.3133/
sir20175114.

ISSN 2328-0328 (online)


http://www.usgs.gov
http://store.usgs.gov
https://doi.org/10.3133/sir20175114
https://doi.org/10.3133/sir20175114

Contents
ACKNOWIBAGMENTS ..ottt sttt ettt neas iX
A 0 - U 1
INEEOAUCTION. ottt ettt s s s s s b s s s b s b s s en et n s b s
Purpose and Scope
PrEVIOUS STUIES ..ouvueereceeeeectsetseees ettt sttt et en st ensensnsans
HYAr0l0GiC SEEING ..oucvivcteceecteese ettt 4
Climate and EVapotranSPiration .......ccccceceeeneeieeeeseessssssssesessessssssssssssessessesssssssssessessessssssssssssessses 5
Land Use and Land COVET.....coiirrrreeesctsstseses st ssssssessssss s sssssssssssssssssssssssesssssssessessnsns 5
Population @nd Water USE ...ttt nann 7
IMIBENOAS. ..ottt a bbb bbb bbb n b s aes
Groundwater Discharge Estimates.........
Groundwater and Precipitation Sites
Groundwater-Level SYNOPtic STUAY ...t
Groundwater Recharge, Based on RISE Water-Table Fluctuation Method.............cccceuucvneneen. 15
Groundwater Recharge, Based on the Soil-Water-Balance (SWB) Model ...........ccccoveuuuc.. 15
Evapotranspiration CalCUIAtiON .......c.coueeierereeeeieiesseese sttt snens 18
Surficial Aquifer EXtent and VOIUME ...t b e bnanees 18
Potentiometric Surfaces and Difference Maps for the Surficial Aquifer.......cccooeeevervireenncee. 21
WWAtEr BAIANCE ...ttt s 21
Groundwater Discharge to the MisSiSSIPPi RIVET ... 22
Groundwater Balances for the Interstate 94 Corridor Surficial AQUITEr ......ccovevevevecvvcrccreeeceeee. 23
Groundwater Levels, Evapotranspiration, Precipitation, and Water Use .........cccceeeeeecreeunee.e. 23
Groundwater RECHAIGE ....c.vvcvccvceeceeeee ettt
Surficial Aquifer Potentiometric Surfaces
Groundwater-LeVel ChAaNGES ..ottt s
Groundwater Balance COMPATiSONS ......c.cccueieeeeeeeereeieese ettt se st be s ssasees
Limitations and ASSUMPLIONS .....c.c.ccucuiiciricierie sttt s s s s
SUMMATIY .ottt bbbt
LTy o T aT T 41 (- OO
APPENAIXES T4 ...ttt
Appendix 1. Monthly Water Usage, Calendar Years 2013—14 .........ccccoeerrrvrrrerrneesenseseesensssesennenns 54
Appendix 2. Synoptic Water-Level Measurements, Water Years 2013—14..........cccocoeveveeveerrennns 54
Appendix 3. Food and Agriculture Organization Penman-Monteith Reference
Evapotranspiration Rates, 2012—14 ...t snnees 54

Appendix 4. Low-Flow Study, Total Streamflow Measurements............cocueeereereeereurneenseeseeeseesseennes 54



Figures

1-6. Maps showing:

1.

Topography and the Interstate 94 Corridor extent, including portions of the
Anoka Sand Plain, central MinNesota.........coeeeeneneeeneinsnsessesssssssessssssssssessssssssseens
Land cover in Minnesota for the Interstate 94 Corridor study, central
Minnesota, at a 30-meter resolution, from the 2011 National Land Cover
DATADASE ..t en

Total domestic wells in the Interstate 94 Corridor from surficial and buried
aquifers. Total permitted wells with greater than 10,000 gallons per day, or

1 million gallons per year, from the surficial aquifer only in the Interstate 94
COTTIOT ettt sttt bt sttt es s b s s ansas s st s senans
The study reach, delimited by a red line, where the groundwater discharge
computation was made. Also denoted are the locations where streamflow
measurements were attempted but the amount of flow was not measurable
during the 8-hour period on September 13, 2012........c.coveeeeeeeereeeeeee e
Continuous and synoptic water-level network, Interstate 94 Corridor study
area, central Minnesota, 2012—14...........coeeeeeeeeeee e
The surficial aquifer thickness, as determined from the sand distribution
models for Sherburne and Wright Counties, as part of the respective

County Geologic Atlases for both COUNtIES......cceceeeveeveieeecsese i

7. Truncated box plot showing the overall mean flow in cubic feet per second for

the upstream transects and downstream tranSECtS ......cceveereereeereererreese s
8. Graph showing water table surface elevation, in feet below land surface, for the

12 continuous groundwater-level records for water years 2013-14 in the

INTEISTAte 94 COITIAON cuueiecicecececccte ettt bbb naen

9-15. Maps showing:

9.

10.

11.

12.

13.

14.

15.

Mean annual potential recharge rates from 2010 through 2014 for the

Interstate 94 Corridor, based on extracted results from an updated

Minnesota Soil-Water-Balance model ...
Potentiometric surface of the surficial aquifer within the Interstate 94

Corridor, May 2013; data used to construct the potentiometric surface are
Presented iN @PPENGIX 2 ...

Potentiometric surface of the surficial aquifer within the Interstate 94
Corridor, July 2013; data used to construct the potentiometric surface are
Presented iN @PPENAIX 2 ...t ettt ses e

Potentiometric surface of the surficial aquifer within the Interstate 94

Corridor, November 2013; data used to construct the potentiometric surface

are presented in @PPENAIX 2 ..ot
Potentiometric surface of the surficial aquifer within the Interstate 94

Corridor, April 2014; data used to construct the potentiometric surface are
Presented iN @PPENGIX 2 ...

Potentiometric surface of the surficial aquifer within the Interstate 94

Corridor, July 2014; data used to construct the potentiometric surface are
Presented iN @PPENAIX 2 ...t ettt ses e
Potentiometric surface of the surficial aquifer within the Interstate 94

Corridor, November 2014; data used to construct the potentiometric surface

are presented in @PPENAIX 2 ... bbb ee



17-22.

Tables

1.

Graph showing water table surface elevation, in feet above North American
Vertical Datum of 1988, for the 12 continuous groundwater-level records for
wells in the Interstate 94 Corridor during water years 2013 and 2014..........cccocvevvernernnen. 37

Maps showing:
17.  Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from May 2013 through July 2013........cocuiereeeeee et 38
18.  Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from April 2014 through July 2014 ...t 39
19.  Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from July 2013 through November 2013........ccorrrerereeee e esesssseseens 40
20. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from July 2014 through November 2014 ... 1
21.  Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from July 2013 through JUly 2014 ...t 42
22. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer

from May 2013 through November 2014 ... esesssseseens 43

Distribution of land cover in the study area, based on the combined 2011

National Land Cover Dataset and the 2013 Cropland Data Layers........c.cccccoeevrvereererrenennns 7
Records of wells in network for continuous monitoring of groundwater levels,
including site number, well type, latitude/longitude, screened intervals, and well

(0= 014 2 OO OO TP OPTTO 1
Records of wells in network for synoptic monitoring of groundwater levels,

including site number, well type, latitude/longitude, screened intervals, and well

(0 1= o143 OO 12
Monthly total precipitation data for the colocated precipitation gages, with
monthly average rainfall for all available rainfall gages with complete records ............ 17

Acoustic Doppler current profiler measurement corrections, in cubic feet per
second, listed by each ADCP serial number used for the September 13, 2012
Streamflow MEASUTEMENTS .....c.vuvicecireireeee ettt snsens 23

Calculated groundwater recharge rates, based upon the RISE program ............cc.cc....... 26
Calculated groundwater recharge rates, based upon the soil-water-balance model...28
Annual groundwater recharge rates, based on the R version of the RISE method

and soil-water-balance MOGEl........onr ettt 30
Six groundwater balances based on the same periods as the
potentiometric-surface difference MapS......ccocceeicsceeseee e 45

Results of six groundwater balance calculations, including the total change in

surficial aquifer storage, total recharge, calculated groundwater discharge to

the Mississippi River, ratio of the calculated groundwater discharge to the

September 2012 measurement, the ratio of change in storage to overall surficial
aquifer volume, and the ratio of groundwater pumping to change in total recharge.....45



vi

Conversion Factors
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Length
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square foot (ft?) 0.09290 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)

Volume
gallon (gal) 0.003785 cubic meter (m?)
million gallons (Mgal) 3,785 cubic meter (m?)
cubic foot (ft?) 0.02832 cubic meter (m?)
acre-foot (acre-ft) 1,233 cubic meter (m?)
acre-foot (acre-ft) 0.001233 cubic hectometer (hm?)

Flow rate
foot per second (ft/s) 0.3048 meter per second (m/s)
foot per day (ft/d) 0.3048 meter per day (m/d)
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cubic foot per second per mile 0.017595 cubic meter per second per kilo-
(ft3/s/mi) meter (m?*/s/km)
cubic foot per day (ft*/d) 0.02832 cubic meter per day (m*/d)
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m*/s)
Pressure

atmosphere, standard (atm) 101.3 kilopascal (kPa)
bar 100 kilopascal (kPa)
inch of mercury at 60°F (in Hg) 3.377 kilopascal (kPa)

Energy
kilowatt hour (kWh) 3,600,000 joule (J)

Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)
Transmissivity

foot squared per day (ft*/d) 0.09290 meter squared per day (m?%d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/18.
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cubic meter (m?) 264.2 gallon (gal)
cubic meter (m> 0.0002642 million gallons (Mgal)
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cubic meter (m?) 0.0008107 acre-foot (acre-ft)
cubic hectometer (hm?) 810.7 acre-foot (acre-ft)
Flow rate
meter per second (m/s) 3.281 foot per second (ft/s)
meter per day (m/d) 3.281 foot per day (ft/d)
cubic meter per second (m?/s) 35.31 cubic foot per second (ft/s)
cubic meter per second per kilo- 56.83345 cubic foot per second per mile
meter (m*/s/km) (ft*/s/mi)
cubic meter per day (m?/d) 35.31 cubic foot per day (ft*/d)
cubic meter per day (m?/d) 264.2 gallon per day (gal/d)
cubic meter per second (m?/s) 22.83 million gallons per day (Mgal/d)
Pressure
kilopascal (kPa) 0.009869 atmosphere, standard (atm)
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Energy
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Abstract

The Interstate 94 Corridor has been identified as 1 of 16
Minnesota groundwater areas of concern because of its limited
available groundwater resources. The U.S. Geological Survey,
in cooperation with the Minnesota Department of Natural
Resources, completed six seasonal and annual groundwater
balances for parts of the Interstate 94 Corridor surficial aquifer
to better understand its long-term (next several decades)
sustainability. A high-precision Mississippi River groundwater
discharge measurement of 5.23 cubic feet per second per mile
was completed at low-flow conditions to better inform these
groundwater balances. The recharge calculation methods RISE
program and Soil-Water-Balance model were used to inform
the groundwater balances. For the RISE-derived recharge esti-
mates, the range was from 3.30 to 11.91 inches per year; for
the SWB-derived recharge estimates, the range was from 5.23
to 17.06 inches per year.

Calculated groundwater discharges ranged from 1.45 to
5.06 cubic feet per second per mile, a ratio of 27.7 to 96.4 per-
cent of the measured groundwater discharge. Ratios of ground-
water pumping to total recharge ranged from 8.6 to 97.2 per-
cent, with the longer-term groundwater balances ranging from
12.9 to 19 percent. Overall, this study focused on the surficial
aquifer system and its interactions with the Mississippi River.
During the study period (October 1, 2012, through November
30, 2014), six synoptic measurements, along with continuous
groundwater hydrographs, rainfall records, and a compilation
of the pertinent irrigation data, establishes the framework for
future groundwater modeling efforts.

Introduction

The concept of water sustainability in Minnesota (fig. 1)
has received considerable attention during the last several
years (2008 to present [2017]; Freshwater Society, 2008).

State resource management agencies are under increasing
pressure to manage groundwater resources, particularly in
parts of Minnesota with intensive groundwater usage such
as the Bonanza Valley (not shown) (Minnesota Department
of Natural Resources, 2016). In 2012, the Minnesota legis-
lature gave the Minnesota Department of Natural Resources
(MNDNR) authority to delineate groundwater management
areas (GWMASs; Minnesota Department of Natural Resources,
2016a) in regions with groundwater-related resource chal-
lenges. So far, the MNDNR has created three GWMAs
that allow the MNDNR to potentially limit groundwater
appropriations within a designated area to ensure sustain-
able water usage. Beyond the three identified GWMAs,
another 13 groundwater areas of concern were identified in
a 2013 Freshwater Society report on sustainable water usage
(Freshwater Society, 2013). The Interstate 94 (1-94) Corridor
was classified as a groundwater area of concern because of
its limited available groundwater and potential for surficial
aquifer contamination. The 1-94 Corridor encompasses an area
between St. Cloud (not shown) and the Minneapolis-St. Paul,
Minnesota, metropolitan area (fig. 1; hereafter referred to as
“the Twin Cities”). This region includes several municipali-
ties experiencing rapid population growth and other areas with
increasing demand for agricultural irrigation.

A challenge of water sustainability is to provide for
all current (2017) and future societal needs without “unac-
ceptable social, economic or environmental consequences”
(VanBuren and Wells, 2007), which is the accepted Minnesota
Department of Natural Resources (MNDNR) definition for
sustainability. Minnesota statutes define sustainable develop-
ment as “development that maintains or enhances economic
opportunity and community well-being while protecting and
restoring the natural environment upon which people and
economies depend” (VanBuren and Wells, 2007). Commonly,
characterizations related to water sustainability can be seen
in subjective terms, as the local resource managers’ defini-
tions for acceptable consequences can differ. For example, an
acceptable level of groundwater drawdown to meet regional
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groundwater demand could temporarily reduce base flow to
connected surface-water resources (Alley and others, 1999).
If groundwater levels are temporarily reduced during periods
of substantial pumping stress and evapotranspiration, such as
multiyear droughts, the aquifer may not fully recover, particu-
larly if a collapse in open pore space permanently alters the
aquifer storage capacity (Heath, 1983). Hence, to better define
sustainable water resources, all water resources (groundwater
and surface-water resources) need to be fully characterized to
understand water availability as compared to water usage.

During the last four decades, several U.S. Geological Sur-
vey (USGS) groundwater aquifer appraisals in Minnesota have
been used as a tool for water management purposes (Ericson
and others, 1974; Lindholm and others, 1974; Lindholm,
1980; Cowdery, 1999; Reppe, 2005). However, these short-
term groundwater resource appraisal studies commonly are
ineffective because data collection does not continue with time
and does not remain relevant in cases where resource demands
on these limited groundwater aquifers increase. Furthermore,
an important component repeatedly missing from these studies
is the amount of discharge to nearby surface-water bodies.
Water resource managers mistakenly can assume that the
amount of water available for sustainable water development
is equal to natural recharge (Bredehoeft, 1997; Sophocleous,
2002). However, an accurate groundwater appraisal also needs
to consider the increased recharge and decreased discharge,
referred to as capture, induced by groundwater pumping
(Zhou, 2009).

Groundwater flow models are tools that can be used to
interpret the dynamic character of capture because these models
can examine the effects of groundwater pumping on capture.
Ideally, before proceeding with a groundwater model, concep-
tual models need to exist for the underlying geology and nature
of the aquifer materials. In Minnesota, the County Geologic
Atlas program provides this basic information, including maps
that detail the distribution and properties of rock and sediments
that lie below the land surface (Setterholm, 2014). Also, a basic
water balance that takes into account the primary sources and
sinks of water can begin to determine if a particular area would
benefit from a groundwater flow model. By measuring primary
sources, such as precipitation, and estimating primary sinks
such as groundwater discharge to rivers, groundwater pump-
ing, and evapotranspiration, the initial step of determining how
much water can be used without causing primary groundwater
deficits can be realized (Alley and others, 1999).

In an effort to interpret water use and sustainability
within the Interstate 94 (I-94) Corridor, the USGS, in coop-
eration with the MNDNR, led a hydrologic investigation in
portions of Sherburne and Wright Counties (fig. 1) (part of the
1-94 Corridor) to complete a series of groundwater balances
and address potential stresses on the surficial aquifer. Funding
for this study was provided through the Environmental Quality
Board by the Minnesota Legislature during the 2011 special
session (Laws of Minnesota 2011, 1st Special Session, Chap-
ter 6, article 2, section 5[i]). Additional support was provided
by U.S. Geological Survey Cooperative Matching Funds.
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Purpose and Scope

Overall, the study focused on the surficial aquifer system
and its interactions with the Mississippi River rather than the
coupled surficial-buried aquifer complex because of the limita-
tions of a water budget assessment of this nature that does not
include groundwater flow modeling. Assessing the primary
sources and sinks for the surficial aquifer system of the [-94
Corridor establishes the framework for future groundwater
modeling efforts. Work for the project was divided into the
following two distinct objectives: (1) a high-precision Missis-
sippi River groundwater discharge measurement at low-flow
conditions on September 13, 2012, to assess the groundwater
discharge through a representative section of the [-94 Corridor
and (2) a groundwater balance of the surficial aquifer for part
of the [-94 Corridor, including the measurement of ground-
water hydrographs to calculate recharge variability across the
1-94 Corridor.

The purpose of this report is to present the USGS compiled
data from the available county geological atlases for Sherburne
and Wright Counties defining the approximate areal extent and
volume of the surficial aquifer system, regional potentiometric-
surface maps for the surficial aquifer system in part of the [-94
Corridor, and changes in groundwater levels as seasonal and
annual groundwater balances during portions of the period from
October 1, 2012, through November 30, 2014. Groundwater
recharge to the surficial aquifer and discharge to the Mississippi
River were measured and estimates of water use (in particular,
surficial aquifer pumping), evapotranspiration, and return flow
were used to calculate groundwater balances. As part of the
groundwater balance, a Soil-Water-Balance model was pro-
duced with potential recharge rates for the study area at a 100-
meter resolution (Smith, 2017).

Previous Studies

Several water resource reports that include parts of the
1-94 Corridor have been published during the last 40 years,
including Helgesen and others (1975), Helgesen and Lindholm
(1977), Lindholm (1980), and Ruhl and Cowdery (2004). A
large-scale water budget for an area that included the study
area was calculated by Helgesen and others (1975). The water
budget accounted for precipitation and evapotranspiration,
with a general compilation of water usage. The geology and
water-supply potential of the Anoka Sand Plain was compiled
by Helgesen and Lindholm (1977). The areal extent of surfi-
cial aquifers across central Minnesota, including Sherburne
and Wright Counties, and estimated annual recharge to the
surficial aquifer was mapped by Lindholm (1980). Hydrologic
properties such as saturated thickness, transmissivity, and
hydraulic conductivities for the surficial aquifer also were
described in Lindholm (1980). Groundwater-flow models for
the surficial sand and gravel aquifers north of the study area, in
portions of the Anoka Sand Plain with similar properties, were
constructed by Ruhl and Cowdery (2004).
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Since the 1980s, the USGS has led different water-quality
studies that encompassed all or part of the study area. The
effects of land use on groundwater quality, based on data col-
lected from 100 wells across the Anoka Sand Plain between
1984 and 1987 were studied by Anderson (1993). Nitrogen
isotopes were used by Komor and Anderson (1993) to indi-
cate nitrate sources in groundwater. Samples collected from
29 wells in Sherburne County, including several of the obser-
vation wells used in this study, were analyzed for nutrients
and pesticides (Ruhl and others, 2000). Nitrogen isotope ratios
indicated the sources of nitrate were commercial fertilizer and
soil organic matter.

Previous work in Minnesota to establish the gain or loss
of streamflow in reaches of the Mississippi River has shown
variable results. Published methods for assessing groundwater
discharge to the Mississippi River from St. Cloud to the Twin
Cities include Lindholm (1980) and Payne (1995). A mea-
sured gain in the Mississippi River of 2.5 to 4.9 cubic feet per
second per mile (ft*/s/mi), based on three low-flow periods
from 1969 to 1976 was reported by Lindholm (1980). The
measured gain was calculated by accounting for differences
in gaged streamflow along the river and tributary inflows
(Lindholm, 19890). An average groundwater discharge rate
of 2.59 ft*/s/mi was reported by Payne (1995) between Fort
Ripley and Anoka, Minn. (not shown). The methodology
used by Payne (1995) was similar to the methodology used
by Lindholm (1980). Model-derived groundwater discharge
rates to the Mississippi River from 0.3 to 2.85 ft*/s/mi were
calculated by Helgesen (1973) in reaches of the Mississippi
River in Morrison County (not shown). Unpublished records
of the USGS from miscellaneous streamflow measurements
on the Mississippi River and tributaries made on November 8
and 9, 2006, between Monticello, Minn. (fig. 1) and Day-
ton, Minn. (not shown) indicate an inconsistent pattern of
gains and losses. The average discharge was a loss of about
5.6 ft*/s/mi for the 18-mile reach.

Hydrologic Setting

The study area shown in figure 1 is underlain by part of
the Anoka Sand Plain, a water-table, surficial aquifer, which
overlies Paleozoic and Precambrian sedimentary and igne-
ous rock. The Anoka Sand Plain consists primarily of glacial
outwash sediments from several glacial advances and retreats
during the most recent Quaternary glaciations. Anoka Sand
Plain sediments, including those portions in Sherburne and
Wright Counties, are highly complex because of the interac-
tion of several distinct ice lobes with time and the differential
erosion that occurred between the multiple advances and
retreats of the Wisconsinan glaciation (Wright, 1972a, 1972b).
Most of the surficial deposits within the [-94 Corridor are
fine-grained sand and gravel that were deposited as fluvial and
lake sediment near the end of the last glacial episode (Lusardi
and Adams, 2013; Hobbs, 2013), including deposits from
glacial Lake Anoka and the Mississippi River. Specifically,

these glaciofluvial processes deposited sediments as glacial ice
melted during the eastward diversion of the glacial Missis-
sippi River around the Grantsburg sublobe of the Wisconsinan
glaciations (Cooper, 1935; Farnham, 1956). In addition to the
outwash deposits, the Anoka Sand Plain aquifer also includes
glacial ice contact deposits and postglacial alluvial and terrace
deposits. The extent of the surficial aquifer, in particular the
Anoka Sand Plain, covers almost all of the [-94 Corridor in
Sherburne County and thins out in northern Wright County.
Gray till deposited by the Grantsburg sublobe is present at
land surface on topographic high areas where outwash was
not deposited. Underlying the outwash and gray till is red till
deposited by the Superior lobe of the Wisconsinan glaciations
(Cooper, 1935; Farnham, 1956). Since glaciation, soils devel-
oped in the surficial materials as well as peat accumulations

in the local lakes and wetland depressions (Hobbs, 2013).
Underneath the surficial sand and gravels, sands and gravels
buried within the fine-grained glacial sediments form confined
(buried) aquifers within the study area. The areal extent and
interconnectedness of these aquifers are poorly known, specifi-
cally because of the complex history of burial, erosion, and
redeposition of older deposits from later advances and retreats
(Knaeble and others, 2013).

Elevation in the I-94 Corridor ranges from about 840
to 1,150 feet above sea level (fig. 1). Land surface generally
slopes towards the Mississippi River along U.S. Highway 10
along the north side of the Mississippi River in Sherburne
County, with more topographic relief in Wright County on the
south side of the Mississippi River. The study area was chosen
based upon surface-water divides in Sherburne County side
(north), Wright County (south), and Hydrologic Unit Code 12
(HUC-12) divides (U.S. Department of Agriculture, 2016a).
Generally, flow to the north of U.S. Highway 10 flows towards
the Elk River (fig. 1) so this area was not included as part of
the study area for the water balance. For the northwest and
“upstream” extent of the study area, the study area design was
based upon the upstream end of the groundwater discharge
estimates (in Clearwater, Minn. [fig. 1]) and the chosen lower
portion of the study area was the Elk and Mississippi Rivers
confluence at Elk River, Minn. (fig. 1).

Water table depth below land surface generally ranges
from 3 to 50 feet. These shallow depths make the aquifer
vulnerable to land-surface sources of contamination. Hydrau-
lic conductivity ranges from about 50 to as much as 1,000 feet
per day (Anderson, 1993). The aquifer typically ranges in
saturated thickness from about 20 to 115 feet and consists
of medium to coarse sand interbedded with thin layers of
clay, silt, silty sand, and gravel (Helgesen and Lindholm,
1977; Lindholm, 1980). However, in some places within the
1-94 Corridor, particularly in Sherburne County, the surficial
aquifer can be greater than 100 feet (30.5 meters) thick such as
those areas where two or more sand and gravel units are juxta-
posed with no intervening till layer (Lusardi and Lively, 2013).
Also, the surficial aquifer can be hydrologically connected to
some buried aquifers. Transmissivities range from about 5,000
to as much as 30,000 square feet per day (Lindholm, 1980).



About 20 percent of the aquifer is capable of yielding water
to wells at a rate of at least 500 gallons per minute (Anderson,
1993). This yield rate indicates the capacity for substantial
withdrawal rates but does not necessarily indicate correspond-
ing recharge to support the use.

Recharge to the surficial aquifer can be attributed pri-
marily to rain and snowmelt that readily infiltrates the sandy
topsoil and percolates to the water table. Generally, most
recharge follows snowmelt and spring rains, with a second
period of recharge soon after the growing season in late fall.
The reported average groundwater recharge rates to the aquifer
is 8 inches per year, based on Lindholm (1980). Recharge
estimates for the region extracted from a Soil-Water-Balance
(SWB) potential recharge estimate of Minnesota range from
5.23 to 17.06 inches per year (Smith and Westenbroek, 2015).
Shallow groundwater in the study area generally flows from
topographically high to low areas and discharges to streams,
lakes, and wetlands. Groundwater also discharges to the
atmosphere by evapotranspiration during the growing season
where the depth below land surface to the water table is less
than about 10 feet (Anderson, 1993). The water table surface
generally is a subdued reflection of the topography (Lindholm,
1980). Groundwater withdrawals, attributable to pumping
high-capacity wells, create cones of depression in the water
table and, therefore, affect groundwater flow.

Climate and Evapotranspiration

The climate of the study area is humid continental, with
warm, humid summers and cold winters with heavy snowfall.
Climate data from the St. Cloud Regional Airport (not shown;
U.S. Department of Commerce, 2015), about 12 miles north-
west of the study area, have a long period of record (1943 to
the present) and are useful for putting short-term climate data
collected within the study area into historical perspective.
Based on this long-term record, the average January tempera-
ture is -12.2 degrees Celsius (°C) (10.0 degrees Fahrenheit
[°F]), the average July temperature is 21 °C (69.8 °F), and
most precipitation (17.0 inches) falls during the growing
season (May—September) compared with 27.1 inches annu-
ally. Extensive hourly climate data have been recorded since
1994 at the Soil Climate Analysis Network (SCAN) Crescent
Lake #1 station, operated by the U.S. Department of Agricul-
ture (2016b), Natural Resources Conservation Service, near
the center of the study area. Real-time and historical data are
available online (U.S. Department of Agriculture, 2016b). Pre-
cipitation data also were recorded hourly at all other continu-
ous groundwater-level stations used for this study during the
nonfreezing portions of the year, approximately April through
November.

Precipitation varies dramatically between wet and
dry periods within the study area. Multiyear droughts such
as those during 1959-61, 1974-76, and 1987-89 have
caused depressions in the surficial water table, with full
recovery during the postdrought year. The extreme annual
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precipitation totals during 1948-2015 for St. Cloud are

39.3 inches in calendar year 1965 and 14.9 inches in calendar
year 1976 (U.S. Department of Commerce, 2015). Data for
this study were collected during a period where precipita-
tion was dry in water year 2013 (October 1, 2012, through
September 30, 2013) and above normal in water year 2014
(October 1, 2013, through September 30, 2014). The annual
precipitation at St. Cloud Regional Airport during the 2013—14
water years was 25.49 and 40.06 inches, respectively. Dur-
ing the 2013—14 water years, the average annual precipitation
recorded from the precipitation gages for this study was less
than the precipitation recorded at the St. Cloud Regional Air-
port—20.75 and 34.89 inches, respectively.

The reference evapotranspiration (ET,) was calculated by
the Food and Agriculture Organization (FAO) Penman-Mon-
teith method (Allen and others, 1998). The ET, for the 2013
water year was 41.4 inches. The ET for the 2014 water year
was 40.9 inches. For both years, July had the highest monthly
ET,, with daily rates as high as 0.33 inch per day. The ET for
the 2013 and 2014 growing seasons (May through Septem-
ber) was 29.5 inches and 29.6 inches, respectively. Between
the high ET rates and the sandy soils indicative of the Anoka
Sand Plain, heavy irrigation is necessary for the common row
crops grown in the region, which include potatoes, field corn,
and soybeans (Anderson, 1993).

Land Use and Land Cover

Land use and land-cover area were primarily agricultural,
mixed with some urban, forest, and open water areas. The
agricultural areas include irrigated and nonirrigated agricul-
tural areas that were used to grow row crops such as potatoes,
field corn, soybeans, and sweet corn (Ruhl and others, 2000).
Land-cover data were obtained from the 2011 National Land
Cover Database (NLCD) (Homer and others, 2015), available
from the Multi-Resolution Land Characteristics Consortium.
Also, analysis of the 2013 Cropland Data Layers (CDL),
available from the National Agricultural Statistics Service
(U.S. Department of Agriculture, 2013), were used to deter-
mine the amount of land devoted to cultivated crops.

For the NLCD-2011 dataset, the land-cover classifica-
tion consists of 16 classes at a 30-meter spatial resolution. Of
the 16 land-cover classes, 15 were present in the study area
(fig. 2; table 1), with 14 of the 15 land-cover classes listed in
table 1. For the land-cover class of cultivated crops, the CDL
was substituted. Because of the substitution, the total land area
is slightly higher than 100 percent because the NLCD-2011
dataset was used for the cultivated crop areas; however, the
advantage to using a combined dataset is that more details on
the agricultural land use are available with the CDL.

For the combined dataset (table 1), four classes account
for approximately 58 percent of the land cover—decidu-
ous forest (12.1 percent), pasture/hay (13.6 percent), corn
(19.9 percent), and soybeans (12.7 percent). The row crops
including corn, soybeans, and potatoes are commonly
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Table 1. Distribution of land cover in the study area, based on
the combined 2011 National Land Cover Dataset (Homer and
others, 2015) and the 2013 Cropland Data Layers (U.S. Department
of Agriculture, 2013).

Land cover class and description Land-cover distribution,

in percent
Open water 6.7
Developed, open space 7.9
Developed, low intensity 4.7
Developed, medium intensity 3.5
Developed, high intensity 1.3
Barren land (rock/sand/clay) 0.5
Deciduous forest 12.1
Evergreen forest 0.5
Mixed forest 0.0
Shrubland 0.9
Grasslands 2.6
Pasture/hay 13.6
Cultivated crops
Comn 19.9
Soybeans 12.7
Potatoes 4.8
Other hay/nonalfalfa 2.3
Alfalfa 1.5
Sweet corn 0.7
Rye 0.5
Spring wheat 0.3
Fallow/idle cropland 0.1
Oats 0.1
All other crops 0.1
Woody wetlands 0.4
Herbaceous wetlands 34
Total 1101.1

'Exceeds 100 percent because of rounding.

irrigated, so a large percentage of the [-94 Corridor has
supplemental irrigation with water from the surficial and
buried aquifers.

Population and Water Use

Population in the [-94 Corridor from the 2010 U.S. Cen-
sus Bureau dataset was 32,444 persons (U.S. Census Bureau,
2013). The census blocks for the [-94 Corridor were clipped
from the statewide census dataset, which included housing unit
and population counts by census block. Census blocks were
derived from the TIGER/Line shapefiles (U.S. Census Bureau,
2013). An overlay of the permitted domestic wells in the [-94
Corridor with the census blocks yielded the census blocks
which only contained domestic wells without community
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water supply wells; the number of permitted domestic wells in
the [-94 Corridor was 3,430 wells (fig. 3). This method was
the best approach available to estimate the number of non-
community water supply users within the [-94 Corridor; this
methodology was similar to an approach from Hayes and Horn
(2009) and Medalie and Horn (2010). Through this methodol-
ogy, the estimated population in the [-94 Corridor supplied by
domestic wells was 12,084 persons.

For this report, annual water-use data were obtained
from the MNDNR Water Appropriations Permit Program,
which tracked monthly water use at sites using more than
10,000 gallons per day or 1 million gallons per year (Mgal/
yr) (Minnesota Department of Natural Resources, 2016b).
Reporting for these wells was required, but because data were
self-reported, the accuracy was not well-constrained; the error
associated with the self-reported water use for Minnesota has
been estimated as 10 percent (Sean Hunt, Minnesota Depart-
ment of Natural Resources, oral commun., 2015). Water use
in the [-94 Corridor is primarily for irrigation (predominantly
agricultural irrigation and to a lesser extent golf courses),
thermoelectric-power cooling, domestic water usage, and
municipal public supply usage (Minnesota Department of
Natural Resources, 2016b).

The water-use table is presented as table 1-1 for calendar
years 2013—14. Only permitted wells from the surficial aquifer
are included as part of table 1-1 because the water balance for
this report was restricted to the surficial aquifer. In addition,
only wells that had reported usage for calendar years 201314
were included. The combination of permitted surficial aqui-
fer wells and usage for calendar years 2013—14 resulted
in 118 surficial wells (table 1-1; fig. 3). Some of the wells
reported in table 1-1 were not classified in the Minnesota
Well Index (MWI) as Quaternary water-table aquifer (QWTA)
wells, the designation in MWI for the surficial aquifer (Minne-
sota Department of Health, 2016). However, based on checks
of reported well depths compared to the calculated surficial
aquifer for this study (described in the “Surficial Aquifer
Extent and Volume” section), these wells were included for the
purposes of water usage. Monthly water use for all other wells
with reported usage during this period of record (calendar
years 2013—14) are listed in table 1-2; these wells were either
listed as a buried aquifer well (listed as QBAA or Quaternary
buried artesian aquifer well in the MWI) or were deeper wells
without a designation.

Methods

This study was designed to produce seasonal and annual
groundwater balances for portions of the [-94 Corridor. Well
information was collected from water-well stratigraphic logs
available from the MWI (Minnesota Department of Health,
2016), formerly known as the County Well Index. Aqui-
fer structure was determined from the two existing county
geologic atlases for Sherburne and Wright Counties (Lusardi
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and Adams, 2013; Hobbs, 2013), based upon detailed maps
and geographical information system (GIS) coverages that
included thicknesses of the different surficial aquifer lenses.
Low-flow measurements on September 13, 2012, assisted

in determining the groundwater discharge to the Mississippi
River. Additional data collected for this study included syn-
optic water-level measurements, continuously recorded water
levels, and precipitation at water-level sites. Surficial aquifer
potentiometric-surface maps were compiled from synoptic
water-level measurements made during six synoptic measure-
ments in calendar years 2013-14.

Groundwater Discharge Estimates

Many methods for estimating groundwater discharge to
streams are described in Rosenberry and LaBaugh (2008).
The authors indicated that most of the field methods that are
described are appropriate for smaller rivers and streams, either
because of the scale of the measurement or because of mea-
surement errors in larger rivers. A commonly used method for
small streams is the seepage run, where streamflow measure-
ments are made at selected sites on a river and the groundwa-
ter discharge (or recharge) is the difference in the streamflows
at each site (eq. 1).

0,-0-90,=0 (1

where
0, is downstream outflow,
0, is upstream inflow, and
ng is groundwater discharge.

The seepage run is a commonly used technique, and many
examples of its use are cited in Rosenberry and LaBaugh
(2008). Generally, seepage run usage in large rivers is limited
by the measurement error of the streamflow measurement.

The working hypothesis for a seepage run measurement
in a large river is an extension of the seepage run measure-
ments for small streams. The law of conservation states that
the total volume in, minus the total volume out, plus the
change in storage, is zero. The groundwater discharge (ng)
is estimated (eq. 2) using a mass-balance equation (eq. 1) by
reorganizing equation 1 and solving for 0. because all other
variables will be calculated, estimated, or assumed to be zero
(in the case of the change in storage).

OAt—QAt-0 At—V, +AS=0 2)

where
0, is discharge measured as outflow,
At is length of measurement period,
0, is discharge measured as inflow,
is groundwater discharge,
is volume of water for evapotranspiration, and
AS  is change in storage.
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For this study, the volume of Mississippi River water
outflow was determined using simultaneous continuous acous-
tic Doppler current profiler (ADCP) measurements during an
8-hour period (Mueller and others, 2013). Additional ADCP
measurements were attempted on two inflow tributaries to the
Mississippi River on the Wright County side; however, the
amount of flow was too shallow during the 8-hour period for
these two tributaries. Dual ADCPs were used at the upstream
(transects A and B) and downstream (transects C and D) ends
of the study reach (fig. 4). During the test, four ADCPs were
in the water at any point in time. A fifth ADCP was rotated in
during the test period to compare each ADCP with the other
ADCPs and control for any instrument bias. This activity was
coordinated with the USGS Hydroacoustic Work Group on the
collection of ADCP measurements to optimize the ADCP data
collection process and the assessment of the standard error of
the measured input and output flows.

The tributary inflow would have been measured by mak-
ing one or more individual flow measurements, depending on
the flow, and extrapolating the measurement for the 8-hour
period. However, during the low-flow conditions on Sep-
tember 13, 2012, the tributary inflow in the study reach was
negligible. The volume lost to evapotranspiration was esti-
mated using the FAO Penman-Monteith method, which used
information obtained from the SCAN station operated by the
U.S. Department of Agriculture (2016b), and the estimate was
applied to the area of the reach.

The change in storage during the 8-hour period was
computed by deploying six pressure transducers that recorded
the elevation of the water surface (fig. 4). The change in
storage was the change in elevation at each pressure trans-
ducer applied to the respective area of the reach. The area of
the reach was computed in the following two-step process:

(1) recording locations along both banks and around islands
using real-time kinematic (RTK) global positioning systems
(GPS) for part of the study reach and (2) using the RTK results
as ground-truth for aerial photography available with Google
Earth to determine the total area of the reach. The groundwater
discharge was estimated by setting the value for Vgw so that
the sum was zero in equation 1.

Groundwater and Precipitation Sites

All groundwater data collected for this study came
from sites listed in tables 2 and 3, with site locations shown
in figure 5. Continuous water-level networks (table 2) were
established in the study area, primarily collected from previ-
ously installed USGS piezometers. Precipitation gages were
colocated at all the continuous water-level sites. The continu-
ous water-level and precipitation gage sites measure variability
in water budget components through time. A synoptic water-
level network was established as part of this study, a combina-
tion of observation and domestic supply wells. The synoptic
components documented the state of the surficial water table at
a moment in time.
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Table 2. Records of wells in network for continuous monitoring of groundwater levels, including site number, well type, latitude/

longitude, screened intervals, and well depth.

[All wells had pressure transducers recording continuous (30-minute) water levels for at least a portion of the period from October 1, 2012, through September
30, 2014; precipitation gages were colocated at all of the continuous water-level sites. ID, identification; MUN, Minnesota unique well number; USGS, U.S.
Geological Survey; OB-OTH, non-U.S. Geological Survey observation well; OB-USGS, U.S. Geological Survey observation well; --, unknown]

WellID  Agency code Site number MUN Type Latitude' Longitude’ si;:::,:f Well depth?
GC133 USGS 451943093504501 747059 OB-OTH 45.32958 -93.84563 21.49-31.49 31.49
ALUS-02 USGS 452428093591601 582132 OB-USGS 45.40744 -93.98669 14.86-19.86 19.86
ALUS-03 USGS 452545093571002 371006 OB-USGS 45.42943 -93.95335 34.91-36.91 36.91
ALUS-07 USGS 452609093553001 582135 OB-USGS 45.44370 -93.92131 10.66-15.66 15.66
ALUS-11 USGS 452229093525801 - OB-OTH 45.37623 -93.88257 37.27-57.27 57.27
ALUS-18 USGS 452215093481001 582137 OB-USGS 45.37009 -93.80643 21.27-26.27 26.27
ALUS-20 USGS 451957093483201 582139 OB-USGS 45.33161 -93.81136 44.58-49.58 49.58
ALUS-25 USGS 451822093413201 582144 OB-USGS 45.30576 -93.68857 25.55-30.55 30.55
ALUS-31 USGS 452413093540701 685848 OB-USGS 45.40417 -93.90181 17.59-22.59 22.59
ALUS-32 USGS 451753093434801 685847 OB-USGS 45.29801 -93.73003 20.19-25.19 25.19
ALUS-33 USGS 452012093412701 685849 OB-USGS 45.33646 -93.69069 17.05-22.05 22.05
ALUS-35 USGS 452111093523402 620723 OB-USGS 45.35744 -93.88121 36.45-41.45 41.45

"Latitude/longitude in decimal degrees.

Screened interval and well depth in feet below land surface.

Twelve wells from previous USGS studies (Ander-
son, 1993; Ruhl and others, 2000) were used for continuous
water-level sites in this study (table 2; fig. 5). The water-level
sites were selected to provide an even distribution of wells
in the surficial aquifers throughout the study area. Well type,
screened intervals, well depths, and latitude/longitudes in deci-
mal degrees are listed in table 2. During the study, a few of the
water-level sites had to be exchanged because the wells were
consistently dry. Precipitation gages were colocated at all of
the continuous water-level sites. The precipitation gages con-
sisted of a tipping bucket rain gage to get accurate estimates of
local precipitation during the nonfreezing part of the year.

The synoptic water-level network consists of 167 exist-
ing wells screened in the surficial water-table aquifer (fig. 5;
table 3). Well type, screened intervals, well depths, and lati-
tude/longitudes in decimal degrees are listed in table 3. Most
of the synoptic water-level network wells were sampled for all
six of the synoptic surveys in calendar years 2013-14.

Continuous water-level sites were outfitted with sub-
mersible pressure transducers to measure water level. Data
were recorded at the well and uploaded to the USGS database
semiannually. These data are available online on the National
Water Information System (NWIS) (U.S. Geological Survey,
2016) for the 12 sites listed in table 2. Pressure transducers
were calibrated after no longer than 6 months, and rain gages
were calibrated annually. During the semiannual downloads
and the six synoptic surveys, all rain gages were checked for
any obstructions and cleaned, if necessary. Precipitation data
by site location, summarized in monthly and annual precipita-
tion totals (in inches), are listed in table 4.

Groundwater-Level Synoptic Study

The groundwater-level synoptic surveys, or the mea-
surement of groundwater levels in many wells within a short
period, for the surficial aquifer system in the study area were
done six times in calendar years 2013—-14—May 2013, July
2013, November 2013, March 2014, July 2014, and November
2014. Most of the synoptic measurements were made during
a 5-day period to provide a “snapshot” of the potentiometric
surface. Measurements were not made at a few of the wells
during a 5-day period because of logistic challenges. All
groundwater-level measurements were obtained by steel tape
or electric tape, following the procedures of Cunningham and
Schalk (2011). Measurements were made when wells were not
being pumped; however, antecedent conditions and pumping
status of nearby wells could have affected the groundwater
levels included in this study. Well selection consisted of the
combination of Minnesota Wells Index (Minnesota Depart-
ment of Health, 2016) wells, coded as QWTA with good
location coordinates, and the county parcel data. A participa-
tion survey was sent out to these potential well owners, and
synoptic survey measurements were made only for wells with
positive landowner confirmation and permission.

Wells used in this study were field located, and latitude/
longitude coordinates either were provided by field-verified
well locations in the MWI (Minnesota Department of Health,
2016) or were acquired from RTK—GPS data (Minnesota Geo-
spatial Information Office, 2015). All land-surface altitudes
were acquired by extracting elevations from a rectified high
accuracy, bare-earth processed light detection and ranging
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Table 3. Records of wells in network for synoptic monitoring of groundwater levels, including site number, well type, latitude/longitude,
screened intervals, and well depth.

[ID, identification; MUN, Minnesota unique well number; GW-DO, existing domestic well; USGS, U.S. Geological Survey; OB-OTH, non-U.S. Geological
Survey observation well; OB-USGS, U.S. Geological Survey observation well; --, unknown]

Well ID Agency code Site number MUN Type Latitude’ Longitude' si:tr::lna‘:'d d‘:av;:'
GCO001 MNO040 452517093552601 107218 GW-DO 4542184 -93.92457 55-60 60
GC002 MNO040 452518094030201 123290 GW-DO 45.42148 -94.05096 66-70 70
GCO003 USGS 451706093354001 126710 GW-DO 45.28564 -93.59443 64-68 68
GC004 MNO040 452610093571501 135565 GW-DO 45.43625 -93.95395 53-57 57
GC005 MNO040 452705093582001 137492 GW-DO 45.45175 -93.97350 42-50 50
GC006 MNO040 451852093474901 149772 GW-DO 45.31446 -93.79685 86-93 93
GC007 MNO040 452420093590701 157357 GW-DO 45.40467 -93.98569 64-68 68
GC008 MNO040 452224093464401 160684 GW-DO 45.37384 -93.77954 51-56 56
GCO009 USGS 451634093492301 160696 GW-DO 45.27589 -93.82306 60-69 69
GCO010 USGS 452229093540301 161488 OB-OTH 45.37462 -93.90097 75-100 100
GCO11 USGS 452242093533701 161491 OB-OTH 45.37837 -93.89362 45-65 65
GCO012 USGS 452242093532801 161493 OB-OTH 45.37844 -93.89124 50-70 70
GCO013 USGS 452235093533702 161494 OB-OTH 45.37646 -93.89364 35-60 60
GCo014 USGS 452235093533701 161495 OB-OTH 45.37646 -93.89360 50-75 75
GCO015 MNO040 452304094043401 165818 GW-DO 45.38449 -94.07649 44-48 48
GCO016 MNO040 452039093481201 166953 GW-DO 45.34441 -93.80445 73-78 78
GCO017 USGS 452224093544101 167993 GW-DO 45.37328 -93.91152 39-48 48
GCO018 MNO040 451819093464001 169510 GW-DO 45.30499 -93.77768 56-61 61
GCO019 USGS 451851093503701 169573 GW-DO 45.31394 -93.84361 34-40 40
GC020 MNO040 451949093490801 169575 GW-DO 45.33012 -93.81929 71-76 76
GCO021 MNO040 451949093480301 169587 GW-DO 45.33005 -93.80156 76-81 81
GC022 MNO040 451951093481601 169623 GW-DO 45.33026 -93.80491 76-81 81
GC023 MNO040 452417093590201 178431 GW-DO 45.40466 -93.98440 64-68 68
GC024 MNO040 452312094042001 188734 GW-DO 45.38583 -94.06952 64-69 69
GCO025 MNO040 452916093581101 191166 GW-DO 45.48785 -93.97005 46-51 51
GC027 USGS 452539093593701 225795 GW-DO 45.42750 -93.99428 38-48 48
GC028 MNO040 452627093594901 225796 GW-DO 45.44123 -93.99743 42-46 46
GC029 USGS 451955093424901 242900 OB-OTH 45.33181 -93.71346 50-52 52
GCO030 USGS 452340093521401 244449 OB-OTH 45.39451 -93.87092 25-27 30
GCO032B USGS 452038093491302 792546 OB-OTH 45.34400 -93.82018 38-48 48
GCO033 USGS 451741093365401 400278 GW-DO 45.29474 -93.61521 87-92 92
GC034 MNO040 451629093501901 412237 GW-DO 45.27441 -93.83220 49-54 54
GCO035 MNO040 451936093482401 412501 GW-DO 45.32542 -93.80600 50-54 54
GCO036 USGS 451703093353201 416754 GW-DO 45.28429 -93.59237 60-65 65
GCO037 USGS 451942093485201 420161 GW-DO 45.32836 -93.81456 70-80 80
GCO038 USGS 451815093362401 421121 GW-DO 4530414 -93.60680 51-56 56
GC039 MNO040 452346094000801 422017 GW-DO 45.39654 -94.00207 73-77 77
GC040 USGS 452300093560201 437529 GW-DO 4538312 -93.93388 98-108 108
GC041 MNO040 452500094020301 440185 GW-DO 45.41635 -94.03437 84-87 87
GC042 MNO040 452627093553301 447668 GW-DO 45.44097 -93.92556 48-52 55
GC043 USGS 451934093485101 447733 GW-DO 45.32628 -93.81442 82-86 87
GC044 MNO040 451930093480401 449886 GW-DO 45.32552 -93.80162 51-56 56
GC045 MNO040 451810093450501 451728 GW-DO 45.30225 -93.75391 23-33 33
GC046 MNO040 452045093440801 451808 GW-DO 45.34588 -93.73566 40-46 46
GC047 MNO040 452422093595801 451863 GW-DO 45.40596 -93.99802 66-78 78
GC048 MNO040 452007093475201 452558 GW-DO 45.33526 -93.79816 76-81 81
GC049 MNO040 451625093485901 453072 GW-DO 45.27329 -93.81720 70-74 74
GC050 MNO040 452445094014201 455182 GW-DO 45.41265 -94.02812 69-73 73

GCO051 USGS 452145093571201 456063 GW-DO 45.36241 -93.95390 60-64 64
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Table 3. Records of wells in network for synoptic monitoring of groundwater levels, including site number, well type, latitude/longitude,
screened intervals, and well depth.—Continued

[ID, identification; MUN, Minnesota unique well number; GW-DO, existing domestic well; USGS, U.S. Geological Survey; OB-OTH, non-U.S. Geological

Survey observation well; OB-USGS, U.S. Geological Survey observation well; --, unknown]

Well ID Agency code Site number MUN Type Latitude’ Longitude' si::::::i d‘Lv;II:‘
GC052 USGS 452127093474801 456209 GW-DO 45.35764 -93.79644 55-60 60
GCO053 MNO040 452351093522001 456977 GW-DO 45.39607 -93.87457 22-42 42
GC054 USGS 452459094015401 461768 GW-DO 4541639 -94.03211 66-74 74
GCO055 USGS 452615093572901 466072 GW-DO 45.43775 -93.95764 63-67 67
GCO056 USGS 452007093462701 472052 GW-DO 45.33521 -93.77418 52-57 57
GCO057 USGS 452316093542001 474023 OB-OTH 45.38787 -93.90568 3646 46
GCO058 USGS 452347093540601 474024 OB-OTH 45.39650 -93.90167 3040 40
GCO059 USGS 452333093542501 474026 OB-OTH 45.39260 -93.90690 29-39 39
GC060 USGS 452452094014901 477722 GW-DO 45.41458 -94.03041 59-63 63
GCo061 MNO040 451714093352403 487848 GW-DO 45.28602 -93.59091 60-65 65
GC062 USGS 451937093452501 490906 GW-DO 45.32701 -93.75714 19-22 22
GC063 USGS 452455094014901 494538 GW-DO 45.41520 -94.02989 110-114 114
GC064 USGS 451731093494501 501289 GW-DO 45.29183 -93.82912 63-67 67
GC065 MNO040 452755093585801 507192 GW-DO 45.46584 -93.98318 52-60 60
GC066 USGS 452810093572101 507633 GW-DO 45.46935 -93.95592 51-55 55
GC067 MNO040 452452094013801 510303 GW-DO 4541384 -94.02820 71-91 104
GC068 MNO040 451708093352403 514739 GW-DO 45.28638 -93.59165 70-80 80
GC069 USGS 451832093494901 515671 GW-DO 45.30871 -93.83043 75-80 80
GC070 MNO040 451634093541701 517726 GW-DO 45.34746 -93.88886 56-60 60
GC071 MNO040 452158093482001 517784 GW-DO 4537124 -93.80200 54-64 64
GC072 USGS 451710093351901 523006 GW-DO 45.28588 -93.58848 95-100 100
GC073 USGS 452108093532201 527793 GW-DO 45.35200 -93.88937 51-55 55
GC074 USGS 451812093513101 528284 GW-DO 45.30308 -93.85862 82-86 86
GC075 USGS 452738093585901 530022 GW-DO 45.46074 -93.98299 88-92 92
GC076 USGS 452035093491601 530043 GW-DO 45.34320 -93.82142 48-63 63
GC077 USGS 452312093575201 537551 GW-DO 45.38648 -93.96403 91-95 95
GC078 USGS 451957093523701 539759 GW-DO 45.33240 -93.87664 71-75 75
GC079 USGS 451659093345401 545303 GW-DO 45.28254 -93.58198 40-48 48
GC080 USGS 451704093350901 546854 GW-DO 45.28423 -93.58565 97-102 102
GCO081 USGS 451926093405101 550467 GW-DO 45.32342 -93.68043 35-40 40
GC082 USGS 452307094035901 554566 GW-DO 45.38538 -94.06647 63-67 67
GCO083 USGS 452457094020901 554568 GW-DO 45.41597 -94.03592 50-54 59
GC084 USGS 452319093575001 554671 GW-DO 45.38846 -93.96397 70-80 80
GCO085 USGS 452309093560001 560096 GW-DO 45.38565 -93.93341 53-57 57
GCO086 USGS 452438094034001 560129 GW-DO 45.41044 -94.06105 81-85 85
GCO087 USGS 452510094021101 560140 GW-DO 45.41954 -94.03638 50-54 54
GCO088 USGS 452458094021001 575260 GW-DO 4541616 -94.03608 63-68 68
GCO089 USGS 452201093534101 580544 OB-OTH 45.36887 -93.89327 33-43 43
GC090 USGS 452201093534102 582995 OB-OTH 45.36510 -93.87733 34-44 44
GC091 USGS 452034093434501 585508 GW-DO 45.34276 -93.72878 56-60 60
GC092 USGS 452444094014301 586928 GW-DO 4541211 -94.02911 63-67 67
GC093 USGS 451811093480001 589304 GW-DO 4530316 -93.79993 5-15 15
GC09%4 USGS 452314093580001 592234 GW-DO 45.38713 -93.96725 67-71 71
GC095 USGS 452001093525501 593870 GW-DO 45.33358 -93.88198 61-66 66
GC096 USGS 452356094012201 603677 GW-DO 45.39873 -94.02347 83-91 91
GC097 USGS 452134093471601 605363 GW-DO 45.35953 -93.78796 68-77 77
GC098 USGS 452316093580201 612347 GW-DO 45.38775 -93.96723 83-88 88
GC099 USGS 452640093562401 617418 GW-DO 45.44441 -93.94008 72-77 77
GC100 USGS 452304093593401 621518 GW-DO 45.38417 -93.99286 64-68 68
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Table 3. Records of wells in network for synoptic monitoring of groundwater levels, including site number, well type, latitude/longitude,
screened intervals, and well depth.—Continued

[ID, identification; MUN, Minnesota unique well number; GW-DO, existing domestic well; USGS, U.S. Geological Survey; OB-OTH, non-U.S. Geological
Survey observation well; OB-USGS, U.S. Geological Survey observation well; --, unknown]

Well ID Agency code Site number MUN Type Latitude’ Longitude' si::::::i d‘Lv;II:‘
GCl101 USGS 452147093573901 621721 GW-DO 4536316 -93.96124 99-109 109
GC102 USGS 452132093464901 621780 GW-DO 45.35641 -93.77723 94-104 104
GC103 USGS 451907093482101 627514 GW-DO 45.31866 -93.80582 108-111 111
GC104 USGS 452559093560301 638415 GW-DO 45.43303 -93.93404 56-60 60
GC105 USGS 452103093513801 639979 GW-DO 45.35089 -93.86062 21-31 31
GC106 USGS 452102093521401 639981 GW-DO 45.35058 -93.87060 26-36 36
GC107 USGS 452130093575901 640199 GW-DO 45.35840 -93.96671 5664 64
GC108 USGS 452222093501701 642037 GW-DO 45.37279 -93.83758 3640 40
GC109 USGS 451903093481401 665803 GW-DO 4531748 -93.80411 97-107 107
GC110 USGS 451742093415301 669910 GW-DO 45.29511 -93.69803 51-56 56
GCI111 USGS 452050093514701 679507 GW-DO 45.34723 -93.86312 19-29 29
GC112 USGS 452057093521401 679530 GW-DO 45.34904 -93.87054 27-37 37
GCl113 USGS 452421093591601 684090 GW-DO 45.40606 -93.98791 60-65 65
GCl114 USGS 451854093525201 689992 OB-OTH 45.31489 -93.88106 29-34 34
GCl115 USGS 452108093475101 690569 GW-DO 45.35233 -93.79709 75-80 80
GCl116 USGS 452415093575801 690573 GW-DO 45.40406 -93.96546 64-69 69
GC117 USGS 452352094033801 690997 GW-DO 45.39764 -94.06061 73-78 78
GC118 USGS 452641093573801 693561 GW-DO 45.44483 -93.96058 72-77 77
GC119 USGS 452244093464301 693706 GW-DO 45.37876 -93.77884 45-55 55
GCI120 USGS 452558093560801 705266 GW-DO 45.43258 -93.93568 50-54 54
GCI121 USGS 451953093502801 706817 OB-OTH 4533144 -93.84122 60-65 65
GCl122 USGS 451918093484601 707598 GW-DO 45.32155 -93.81279 61-70 70
GCI123 USGS 451630093341001 708372 OB-OTH 45.27429 -93.57076 11-21 21
GCl124 USGS 451803093353901 709890 GW-DO 45.30098 -93.59419 65-85 85
GCI125 USGS 452047093530801 711437 GW-DO 45.34630 -93.88557 88-93 93
GC126 USGS 452821093594101 713932 GW-DO 45.47242 -93.99453 25-35 35
GC127 USGS 452611093572701 718181 GW-DO 45.43635 -93.95738 77-81 81
GC128 USGS 451819093435701 718912 GW-DO 45.30541 -93.73264 76-84 84
GC129 USGS 452157093522001 722087 OB-OTH 45.36548 -93.88432 25-44 44
GC130 USGS 452529093581601 731085 GW-DO 45.42474 -93.97123 24-28 38
GCl131 USGS 452311093560301 732408 GW-DO 45.38651 -93.93422 53-58 58
GC132 USGS 452223093505401 742339 GW-DO 45.37309 -93.84820 59-67 67
GC133 USGS 451943093504501 747059 OB-OTH 45.32958 -93.84563 21.49-31.49 31.49
GC134 USGS 452347093544301 747065 OB-OTH 45.39657 -93.91168 25-35 37
GC135 USGS 452421093592801 749053 GW-DO 45.40553 -93.99126 70-80 80
GC136 USGS 452129093512001 752256 GW-DO 45.35798 -93.85557 26-36 36
GC137 USGS 452108093510201 752257 GW-DO 45.35226 -93.85055 22-32 32
GC138 USGS 452051093510301 752258 GW-DO 45.34744 -93.85093 20-30 30
GC139 USGS 452049093520701 752259 GW-DO 45.34701 -93.86850 28-38 38
GC140 USGS 452010093582201 757198 GW-DO 45.33580 -93.97241 68-73 73
GCl141 USGS 452014093523101 785281 GW-DO 4533717 -93.87540 63-73 73
GC142 USGS 452655093590001 785600 GW-DO 45.44850 -93.98329 41-50 50
GC143 USGS 451955093502201 786216 OB-OTH 45.33189 -93.83952 34-38 38
GCl144 USGS 452245093542501 - OB-OTH 4537918 -93.90686 44.49-64.49 64.49
ALUS-02 USGS 452428093591601 582132 OB-USGS 45.40744 -93.98669 14.86-19.86 19.86
ALUS-03 USGS 452545093571002 371006 OB-USGS 45.42943 -93.95335 34.91-36.91 36.91
ALUS-04 USGS 452610093553001 582131 OB-USGS 45.43594 -93.92537 7.33-12.33 12.33
ALUS-06 USGS 452711093565501 582134 OB-USGS 45.45255 -93.94947 9.5-14.5 14.5

ALUS-07 USGS 452609093553001 582135 OB-USGS 45.44370 -93.92131 10.66-15.66 15.66
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Table 3. Records of wells in network for synoptic monitoring of groundwater levels, including site number, well type, latitude/longitude,

screened intervals, and well depth.—Continued

[ID, identification; MUN, Minnesota unique well number; GW-DO, existing domestic well; USGS, U.S. Geological Survey; OB-OTH, non-U.S. Geological

Survey observation well; OB-USGS, U.S. Geological Survey observation well; --, unknown]

Well ID Agency code Site number MUN Type Latitude’ Longitude’ Si:tr:::::i d‘Lv;II:'
ALUS-11 USGS 452229093525801 - OB-OTH 4537623 -93.88257 37.27-57.27 57.27
ALUS-12 USGS 451953093484901 582149 OB-USGS 4533031 -93.81406 38-43 43
ALUS-13 USGS 452030093511403 612777 OB-USGS 45.34206 -93.85481 17.50-22.50 22.50
ALUS-18 USGS 452215093481001 582137 OB-USGS 45.37009 -93.80643 21.27-26.27 26.27
ALUS-19 USGS 452040093463101 582138 OB-USGS 45.34756 -93.77981 16.14-21.14 21.14
ALUS-20 USGS 451957093483201 582139 OB-USGS 4533161 -93.81136 44.58-49.58 49.58
ALUS-21 USGS 451924093474601 582140 OB-USGS 4532319 -93.79705 30.22-35.22 35.22
ALUS-22 USGS 451811093445601 582141 OB-USGS 4530338 -93.74511 10.29-15.29 15.29
ALUS-24 USGS 451835093400401 582143 OB-USGS 4530786 -93.67657 6.31-11.31 11.31
ALUS-25 USGS 451822093413201 582144 OB-USGS 4530576 -93.68857 25.55-30.55 30.55
ALUS-27 USGS 451921093445101 582145 OB-USGS 4532170 -93.74759 3.42-8.42 8.42
ALUS-29 USGS 451730093423001 582147 OB-USGS 45.33505 -93.70692 9.86-14.86 14.86
ALUS-30 USGS 452036093423701 582148 OB-USGS 4534324 -93.71094 4.08-9.08 9.08
ALUS-31 USGS 452413093540701 685848 OB-USGS 45.40417 -93.90181 17.59-22.59 22.59
ALUS-32 USGS 451753093434801 685847 OB-USGS 45.29801 -93.73003 20.19-25.19 25.19
ALUS-33 USGS 452012093412701 685849 OB-USGS 4533646 -93.69069 17.05-22.05 22.05
ALUS-34 USGS 452223093521801 722086 OB-OTH 4537311 -93.87221 35.66-45.66 45.66
ALUS-35 USGS 452111093523402 620723 OB-USGS 4535744 -93.88121 36.45-41.45 41.45
ALUS-36 USGS 452720093552203 201509 OB-USGS 45.45541 -93.92311 16.55-25.55 25.55
ALUS-37 USGS 452408093553002 620684 OB-USGS 45.40184 -93.92445 33.61-43.61 43.61

(lidar) digital elevation model with a 1-meter resolution at all
sites (Minnesota Geospatial Information Office, 2015). Eleva-
tion data has accuracies of plus or minus 0.06 to 0.11 meters
taken from estimates of nearby Anoka, Benton, and Meeker
Counties (not shown).

The water level measurements, in depth below land
surface, for the six synoptic surveys are listed in appendix 2.
The data from water year 2013 are listed in table 2—1, and the
data from water year 2014 are listed in table 2—2. Between
158 and 167 measurements were made during each of the six
synoptic surveys. Dates were kept as close as possible to each
other from year to year; however, the first water-level synoptic
survey was done in May 2013 rather than March 2013 because
all of the well owner permissions had not been received by
March.

Groundwater Recharge, Based on RISE Water-
Table Fluctuation Method

The continuous water-level data collected for this study
were used to estimate groundwater recharge using a water-
table fluctuation method (Delin and others, 2007; Lorenz,
2016). The selected water-table fluctuation method uses
the RISE program to estimate recharge from the product of
groundwater-level rises and specific yield. This approach is
based upon the RISE method for computing recharge from
Rutledge (1997, 2002), which was designed for analyzing a

groundwater-flow system that is characterized by diffuse areal
recharge to the water table. This method assumes that recharge
can be restricted to small time increments in hydrologic set-
tings with thin unsaturated zones (Rutledge, 2002), such as the

unsaturated zone in the [-94 Corridor.

As part of the DVstats package (Lorenz, 2016) for the R
statistical environment (RStudio Team, 2016), groundwater
recharge was calculated based on first calculating the daily
rise events during the course of the groundwater record and
subsequently aggregating the rise events into recharge events
based on a preset specific yield. The RISE program is used to
analyze the record for groundwater-level rises, and a second R
function, aggregate (also part of DVstats), sums up the rising
portions of the groundwater rises and multiplies by the specific
yield to calculate groundwater recharge. Based on the common
surficial aquifer materials of gravelly sand in the study area, a
specific yield value of 25 percent was used for all of the wells
(Johnson, 1967).

Groundwater Recharge, Based on the Soil-

Water-Balance (SWB) Model

The SWB model was used as a second method for
estimating groundwater recharge in the [-94 Corridor. The
SWB model uses a modified Thornthwaite-Mather soil-water-
balance approach (Thornthwaite and Mather, 1955, 1957). The
water-balance approach of SWB estimates potential recharge
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Table 4. Monthly total precipitation (in inches) data for the colocated precipitation gages, with monthly average rainfall for all available rainfall gages (in inches) with complete
records. Also listed are the monthly total precipitation (in inches) data for the St. Cloud Regional Airport (U.S. Department of Commerce, 2015). Annual precipitation (in inches)
data are listed for all complete records; annual precipitation (in inches) total without the period from November through March also are listed.

[ID, identification; --, no data; N.R., no record; P.R., partial record]

Water year 2013
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation, in inches
Precipitation, in inches All 12 months Without Nov.—Mar.
GC133 -- -- -- -- -- -- -- -- -- - - - N.R. N.R.
ALUS-02 -- -- -- -- -- -- 1.93 4.18 5.04 2.51 1.10 1.65 PR. PR.
ALUS-03 0.67 0.91 0.70 0.51 0.47 1.86 2.09 4.02  5.17 2.19 0.68 1.56 20.83 16.38
ALUS-07 0.65 0.90 0.68 0.55 0.62 1.97 2.46 4.16 4.86 1.74 0.64 1.75 20.98 16.26
ALUS-11 0.59 0.76 0.56 0.41 0.23 1.48 1.96 338 3.73 2.07 1.08 2.32 18.57 15.13
ALUS-18 0.59 0.77 0.73 0.51 0.79 1.83 2.28 322 4.03 2.75 0.85 2.59 20.94 16.31
ALUS-20 0.56 0.68 0.61 0.46 0.34 1.61 1.44 2.69 3.90 2.26 0.65 3.20 18.40 14.70
ALUS-25 0.86 0.74 0.69 0.60 0.51 1.64 2.07 2.80 4.58 3.30 0.72 2.77 21.28 17.10
ALUS-31 - - -- -- - - 1.10 347 392 2.09 0.77 2.03 PR. PR.
ALUS-32 0.69 091 0.55 0.62 0.72 1.82 2.62 3.01 485 3.68 0.91 3.79 24.17 19.55
ALUS-33 0.75 0.84 0.57 0.62 0.46 1.85 2.09 257 424 3.48 0.66 2.70 20.83 16.49
ALUS-35 - - - - - - - - - - - - N.R. N.R.
Average for all precipitation gages 0.67 0.81 0.64 0.54 0.52 1.76 2.13 323 442 2.68 0.77 2.59 20.75 16.49
with complete records
St. Cloud Regional Airport 0.73 1.05 1.51 0.45 1.33 2.63 2.90 498 5.76 1.43 0.85 1.87 25.49 18.52
Water year 2014
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation
Precipitation, in inches All 12 months Without Nov.—Mar.
GC133 - -- -- 0.25 0.24 0.72 5.07 8.02 6.89 2.20 5.32 3.58 PR. PR.
ALUS-02 4.16  0.60 0.64 0.28 0.32 0.55 5.33 8.05 552 2.44 4.47 3.27 35.63 33.24
ALUS-03 3.62  0.62 0.63 0.18 0.27 0.60 5.99 9.72 5.86 1.78 3.72 2.56 35.55 33.25
ALUS-07 3.66  0.65 0.63 0.27 0.31 0.65 5.51 7.61 522 1.96 3.73 2.27 32.47 29.96
ALUS-11 3.65 0.71 0.35 0.12 0.23 0.52 5.66 7.73 531 3.15 4.42 2.04 33.89 31.96
ALUS-18 3.13 071 0.59 0.19 0.28 0.85 4.93 7.54 521 2.26 5.23 2.40 33.32 30.70
ALUS-20 339 0.68 0.43 0.14 0.10 0.63 4.35 8.72 6.65 2.11 5.28 3.39 35.87 33.89
ALUS-25 3.13 1.13 0.57 0.20 0.15 0.87 5.39 792 5.66 242 5.82 1.46 34.72 31.80
ALUS-31 3.18  0.54 0.38 0.22 0.23 0.40 5.08 10.02  5.07 2.20 4.35 1.98 33.65 31.88
ALUS-32 3.19  1.18 0.71 0.28 0.31 1.00 5.48 839 6.17 2.67 6.43 1.42 37.23 33.75
ALUS-33 3.16  1.28 0.75 0.27 0.42 0.81 5.22 8.64 540 2.00 6.35 2.30 36.60 33.07
ALUS-35 -- -- -- 0.19 0.23 0.58 5.19 7.87 592 2.56 6.05 2.52 PR. PR.
Average for all precipitation gages 3.43 0.81 0.57 0.22 0.26 0.69 5.29 843 5.61 2.30 4.98 2.31 34.89 32.35

with complete records
St. Cloud Regional Airport 434 0.53 1.77 1.34 1.17 1.20 5.90 6.74  6.18 1.25 5.59 4.05 40.06 34.05
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(Westenbroek and others, 2010) on a daily basis. The SWB
model was used by Smith and Westenbroek (2015) to develop
and publish gridded estimates of average potential groundwa-
ter recharge across Minnesota from 1996 through 2010 at a
1-kilometer (0.621-mile) resolution.

The SWB model uses a soil-water accounting method
to calculate potential recharge for each grid cell in the model
domain separately (Westenbroek and others, 2010). Computa-
tion of water-budget components relies on relations among
surface runoff, land cover, hydrologic soil group, maximum
soil-water capacity, evapotranspiration estimates, and tempera-
ture. Within the SWB approach, potential recharge is calcu-
lated within each grid cell of the model domain based on the
difference among sources (precipitation, snowmelt, inflow),
sinks (interception, outflow, evapotranspiration), and change
in soil moisture (Asoil moisture; eq. 3).

potential recharge = (precipitation + snowmelt +inflow) (3)
- (interception + evapotranspiration

Each of the water-budget components in equation 3 is
handled by one or more modules within the SWB model. The
inflow component (from adjacent cells) in the model was not
included. Of the sinks, evapotranspiration, is handled by the
model without user intervention, and only the Hargreaves-
Samani evapotranspiration method (Hargreaves and Samani,
1985) is available for simulations with spatially varying grid-
ded data. Interception is defined as the portion of precipitation
intercepted by the plant canopy and lost to evapotranspira-
tion; interception is controlled by user-defined values for
each unique land-cover class in a lookup table. Outflow from
each grid cell, also known as surface runoff, is calculated by
the Natural Resources Conservation Service curve number
rainfall-runoff relation (Cronshey and others, 1986). Changes
in soil moisture (Asoil moisture) are tabulated by the soil-
water-balance methods published by Thornthwaite and Mather
(1955, 1957) by using intermediary values. These changes in
soil moisture are tabulated on a daily time step.

Additional theoretical and background details on out-

flow and the other hydrologic components were described by
Westenbroek and others (2010). Further details pertaining to
the Minnesota SWB model were included in Smith and West-
enbroek (2015), particularly the calibration process for the soil
and land-cover lookup table. The soil and land-cover lookup
table cross-references the 15 land-cover classes in Minnesota
to the 5 soil classes to assign the dimensionless curve num-
ber (Cronshey and others, 1986), the maximum recharge rate
(inches per day), and the root-zone depth (feet). Additional
information includes the interception storage values (inches)
for the growing season and the dormant season.

For this report, the published statewide SWB model
(Smith and Westenbroek, 2015) was re-run for the period
2010-14 to include the period of record for this study, includ-
ing necessary climatic data such as daily precipitation,
minimum daily temperature, and maximum daily temperature
(Smith, 2017). All meteorological data were provided by the

Daymet dataset, which included daily continuous surfaces of
key climatological data (Thornton and others, 2014). Land-use
was updated to NLCD-2011 (fig. 2) and the grid resolution
was refined to 100-meter grid cells, including the other inputs
such as the hydrologic soil groups and available soil-water
capacity. All other parts for the I-94 Corridor re-run, including
the calibrated lookup table for the Minnesota statewide poten-
tial recharge model (Smith and Westenbroek, 2015), were the
same for this SWB application. The SWB model results were
used for the following two purposes: (1) to compare extracted
SWB potential recharge rates to water-level sites with avail-
able RISE recharge estimates and (2) to use SWB potential
recharge rates as input for the water balance calculations.

Evapotranspiration Calculation

The ET,was calculated by the FAO Penman-Monteith
method (Allen and others, 1998). Hourly climate data required
for the ET, were obtained from a SCAN station, operated
by the U.S. Department of Agriculture (2016b), Natural
Resources Conservation Service, near the center of the study
area. The FAO Penman-Monteith method is (eq. 4):

0.408(Rn —G)+j/ U, (es —ea) @)

ET, = T+273
+y (1+0.34u,)
where
ET,  is reference evapotranspiration, in millimeters

per day;
A s slope vapor pressure curve, in kilopascals
per degree Celsius;
R is net radiation at the crop surface, in
megajoules per meter per day;
G s soil heat flux density, in megajoules per
meter per day;
y s the psychrometric constant, in kilopascals
per degree Celsius;
T is mean daily air temperature at 2 meters
height, in degrees Celsius;

u, is wind speed at 2 meters height, in meters per
second;

e, is saturation vapor pressure, in kilopascals;
and

e, is actual vapor pressure, in kilopascals.

Daily evapotranspiration calculations were calculated
from September 1, 2012, through November 30, 2014, for
comparisons to the groundwater balances. Hourly evapotrans-
piration calculations were calculated for September 13, 2012,
during the low-flow groundwater discharge estimate.

Surficial Aquifer Extent and Volume

The areal extent and the estimated volume of the surficial
aquifer was derived for Sherburne and Wright Counties by
using information from the County Geologic Atlases (part A).



The County Geologic Atlases include surficial geologic maps
that depict the properties of the geologic materials that exist at
the land surface (Setterholm, 2014). Atlases also include Qua-
ternary subsurface geology maps that illustrate the geologic
units associated with glaciation during the last 2 million years
and modern processes (Setterholm, 2014).

As described in the “Hydrologic Setting” section, the
Quaternary history is complicated for the [-94 Corridor. To
include all of the surficial aquifer units that are likely a part
of the surficial aquifer, a variety of information was used
from each County Geologic Atlas (part A). Several plates are
included with each county atlas; of the included plates, the sur-
ficial geology (Sherburne County [Lusardi and Adams, 2013];
Wright County [Hobbs, 2013]), the Quaternary stratigraphy
(Sherburne County [Lusardi, 2013]; Wright County [Knaeble,
2013]), and the sand distribution model (Sherburne County
[Lusardi and Lively, 2013]; Wright County [Knaeble and oth-
ers, 2013]) plates all included information necessary for deter-
mining the aquifer areal extent and volume. Also included are
raster surfaces of all of the geologic units described within
the County Geologic Atlas (part A); these raster surfaces were
useful for creating the combined surficial aquifer.

The surficial aquifer volumetric calculation was used to
develop the water balance and could be considered an initial
approach to groundwater flow modeling for the I-94 Cor-
ridor. As one of the primary objectives of this report, only the
contributing area of groundwater discharge to the Mississippi
River was important within the I-94 Corridor water balance.
Therefore, portions that would likely flow away from the Mis-
sissippi River were not included.

Within the study area, several geologic formations were
primarily sand and gravel; however, many of the sand and
gravel units were from different glaciations. Because of the
complex geological history of the region, these units were
often divided by interbedded tills that impede vertical flow.
However, based on interpretations from the various parts of
the County Geologic Atlases, many of these interbedded tills
were not continuous. For calculating the aquifer thicknesses,
the interbedded tills that were not primarily sand and gravel
were excluded. Instead, the sand and gravel units were added
together and presented as one continuous unit. For the lower
boundary of the surficial aquifer, the boundary was deter-
mined either as a fairly continuous till layer or the bedrock
layer.

This simple conceptual model, although not the reality of
the more complex geology, gives an initial estimate of the sur-
ficial aquifer thickness. Combined with the potentiometric-sur-
face maps presented later in the report, the saturated thickness
of the surficial aquifer can then be estimated. This estimate,
however, does not indicate that all of the water in these units
was available for groundwater withdrawal or that the water in
the till layers was not available for groundwater withdrawal.
However, given the inherent variability in this complex geol-
ogy, without further modeling or geophysical exploration as
to detect the true behavior of this complicated glacial geology,
this estimate is sufficient for the purposes of this study.
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Because the two sides of the Mississippi River were
part of different atlases, different approaches were used to
determine the aquifer extent and volume for each side of the
river. Also, because atlases often were completed by differ-
ent teams, the interpretation of unit boundaries could differ
slightly, and units might not be contiguous (Setterholm, 2014).
Between the two sides of the Mississippi River, the underly-
ing geology in Wright County was more complex, but the
complexity of subsurface units was partially a function of the
amount of data available (Knaeble and others, 2013). If data
were scarce, the cross-section units were generally modeled as
continuous, with generally uniform thicknesses and minimal
elevation change. With more data, the cross-section units were
frequently modeled as discontinuous and variable in thickness,
which reflected more accurately the complexity of glacial
deposits (Knaeble and others, 2013).

Starting with the Sherburne County side of the Mississippi
River, the surficial aquifer areal extent was based mainly on the
HUC-12 boundaries (U.S. Department of Agriculture, 2016a)
between the Elk River and the Mississippi River (fairly close
to U.S. Highway 10), as shown in figure 6. For the surficial
aquifer thickness, all of the sand layers on Sherburne County
side were included; rasters were added together in ArcGIS and
were a part of the surficial aquifer thickness map in figure 6.
The following is a list of the units (and corresponding unit
abbreviations) that were included for the surficial aquifer areal
extent and the volume (Lusardi, 2013): sandy surface sedi-
ments (ss), New Brighton formation sandy glacial lake deposits
(nbs), New Ulm formation sand and gravel (ns), Automba
Phase sand and gravel (csa), St. Croix Phase sand and gravel
(csr), Emerald Phase sand and gravel (cse), Sauk Centre Mem-
ber sand and gravel (scs), Meyer Lake Member sand and gravel
(mls), the St. Francis Formation sand and gravels (fs1, fs2), and
the unknown sand and gravel units (suu).

On the Wright County side of the [-94 Corridor, the
boundary condition was more difficult to interpret on the
portions of the surficial aquifer that directly flow towards the
Mississippi River. Also, the surficial aquifer was much thinner
on the Wright County side than on the Sherburne County side.
The following is a list of the units (and corresponding unit
abbreviations) that were included for only the surficial aquifer
(Knaeble, 2013): Holocene sand and pebbly sand (ha), Late
Wisconsinan sand and gravelly sand (wmt), Heiberg Mem-
ber sand (nhs), Villard and Twin Cities Members sand and
gravel (nts), Moland Member sand and gravel (ms), Crom-
well Formation sand and gravel outwash (cg, cgl), Hewitt
Formation sand and gravel (hs), Sauk Centre sand and gravel
(scs), Meyer Lake Member sand and gravel (mls), Unnamed
Superior provenance sand and gravel (prs), unnamed sand and
gravel deposits (pws), undifferentiated sand and gravel (psu),
and basal sand and gravel (zus). sandy surface sediments (ss),
New Brighton formation sandy glacial lake deposits (nbs),
New Ulm formation sand and gravel (ns), Automba Phase
sand and gravel (csa), St. Croix Phase sand and gravel (csr),
Emerald Phase sand and gravel (cse), Sauk Centre Member
sand and gravel (scs), Meyer Lake Member sand and gravel
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(mls), the St. Francis Formation sand and gravels (fs1, fs2),
and the unknown sand and gravel units (suu). The following is
a list of units (and corresponding unit abbreviations) that were
included for only the surficial areal extent (Knaeble, 2013):
Holocene sand and pebbly sand (ha), Late Wisconsinan sand
and gravelly sand (wmt), Heiberg Member sand (nhs), and the
Villard and Twin Cities Members sand and gravel (nts).

The surficial aquifer thickness map (fig. 6) also illus-
trates the surficial aquifer extent used for the groundwater
balance and the determination of the I-94 Corridor, shown in
the previous figures (figs. 1-5). Although the upstream and
downstream boundaries of the I-94 Corridor were somewhat
arbitrary, the original design for the study area was based
upon the upper end of the groundwater discharge estimates (in
Clearwater, Minn.) and the lower end as the confluence of the
Elk and Mississippi Rivers. Otherwise, as mentioned earlier,
the HUC—-12 boundaries were used to help determine the
extent on each side of the Mississippi River.

Potentiometric Surfaces and Difference Maps
for the Surficial Aquifer

Potentiometric-surface maps for the calendar years
2013—14 water-level synoptic surveys were constructed for the
surficial aquifer system. For the duration of the study period,
six potentiometric-surface maps were constructed and are
presented in the “Surficial Aquifer Potentiometric Surfaces”
section; the groundwater-level measurements used to construct
the potentiometric-surface maps are presented in table 2—1
(2013) and table 2-2 (2014).

The potentiometric-surface maps were created with data
points from four sources. The methods used were similar to
previous studies (Cowdery and others, 2008; Sanocki and
others, 2009) and are outlined as follows: (1) groundwater
levels were measured; (2) water levels were derived from
river surface elevations where aquifers discharge to river
systems, in particular the Mississippi River and Elk River;

(3) water levels were derived from surface-water elevations,
mainly lakes and prominent wetlands, where the water table is
likely exhibited at the land surface; and (4) static groundwater
levels were obtained from MWI data (Minnesota Department
of Health, 2016). The MWI static groundwater levels were
selected for the surficial aquifer as a means of bordering the
potentiometric-surface interpolation to avoid truncation or
artificial surfaces along the edges of the potentiometric-surface
maps. The same MWI static groundwater levels were used

for all six potentiometric-surface maps and were all outside

of the [-94 Corridor. Static groundwater levels from MWI
wells were compared to groundwater levels from the measured
wells to identify and remove outliers. This process was used to
produce a study area estimation of the potentiometric surface,
fully based on measured groundwater levels. Likewise, river,
lake, and wetland surface elevations were derived from lidar
and assumed to be the same for all six potentiometric-surface
maps. Although the river surface elevations change with time,
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the goals of the potentiometric-surface maps were to provide
a static surficial aquifer potentiometric surface in time and to
construct difference maps among different surficial aquifer
potentiometric-surface maps to help understand changes in the
aquifer volume with time.

ArcGIS 10.2 ModelBuilder (Environmental Systems
Research Institute, 2015) was used to combine the four data
point sources and build a water table tool using the natural
neighbor interpolation in order to generate a raster representa-
tion of each potentiometric surface to generate a raster repre-
sentation of each potentiometric surface (Sanocki and others,
2009). The raster calculator was used to avoid artificially
drawing the potentiometric surface above land surface, and this
raster surface was used to generate contours in ArcGIS. The
final contours were edited to eliminate water-level measure-
ments that caused artificially large peaks and holes; only a
few wells were eliminated with this process. In addition, wells
were eliminated from all other potentiometric-surface maps to
remain consistent throughout the difference maps. These differ-
ence maps, or seasonal groundwater-level change maps, were
constructed between seasons during calendar years 2013—14.

Water Balance

Seasonal and annual groundwater balances for the [-94
Corridor surficial aquifer were similar to the approach of equa-
tion 2 and to applying similar groundwater balance principles
as applied to the Glacial Ridge National Wildlife Refuge (not
shown; Cowdery and others, 2008). The groundwater balance
was an estimate of all inputs and outputs. Inputs included
precipitation, return flow, and groundwater inflow from buried
aquifers. Outputs included evapotranspiration, groundwater
pumping, groundwater discharge to surface water, and ground-
water outflow to buried aquifers. All of the inputs and outputs
were equal to a change in storage (AS) (eq. 5).

(I/pre + I/"/ irr-surf’ + 1, irr-nonsurf’ sr, dom-all st ws-surf KA ws—nonsmf)
- (I/er + p, permit p, domestic + ng) - I/o, ba+ Vl ba = AS’ (5)
where
e lsincoming Pregpfcatmn;
_ is volume of irrigation return flow, pulled
f, irr-surf . .
from the surficial aquifer;
_is volume of irrigation return flow, pulled
rf, irr-nonsurf K K
from the nonsurficial aquifers;
 domnal is volume of septic return flow, from domestic
usage wells in the surficial aquifer;
sy 1S volume of water supply septic return flow,

pulled from the surficial aquifer;
is volume of water supply septic return flow,
pulled from the nonsurficial aquifers;
v, is volume of water for evapotranspiration;
is volume of groundwater, pulled from
permitted surficial aquifer groundwater
wells;

s1, ws-nonsurf

p. permit
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is volume of groundwater, estimated from

p, domestic R X A
surficial aquifer domestic water usage;
_ is groundwater discharge to the Mississippi
aw K
River;
b is volume of outflow to buried aquifers;

b is volume of inflow from buried aquifers; and

AS  ischange in storage.
Incoming precipitation (Vm) minus evapotranspiration (V)
was substituted with groundwater recharge (¥, ,..)- The
change in storage (DS) was calculated as the difference in the
potentiometric surface between two synoptic measurements.

An additional assumption for the groundwater balance

was that the net flow between the surficial aquifer and the
buried aquifers was zero, because direct measurements of the
net flux between these aquifer bodies or indirect calculations
from a groundwater-flow model do not currently [2017] exist.
Because change in storage (DS) was known between two syn-
optic measurements, equation 5 was rearranged to solve for the
groundwater discharge (ng) to the Mississippi River and then
compared to the September 13, 2012, measurement (eq. 6).

AS— (V.

recharge sr, dom-all

Vlf irr-surf +
)+,

st ws-nonsurf’ p, permit

rf, irr-nonsurf sr, ws-surf’

+ V;) damest[c) = ng’ 6)

where
AS  ischange in storage;
is groundwater recharge, based on the
extracted SWB potential recharge rates;
is volume of irrigation return flow, pulled

recharge

rf, irr-surf X R

from the surficial aquifer;
. ] is volume of irrigation return flow, pulled

rf, irr-nonsurf K K
from the nonsurficial aquifers;
is volume of septic return flow, from domestic

sr, dom-all . R K

usage wells in the surficial aquifer;
sy 1S volume of water supply septic return flow,

pulled from the surficial aquifer;

is volume of water supply septic return flow,
pulled from the nonsurficial aquifers;

is volume of groundwater, pulled from

st ws-nonsurf

p. permit R X K
permitted surficial aquifer groundwater
wells;
' domestic is volume of groundwater, estimated from

surficial aquifer domestic water usage; and
is groundwater discharge to the Mississippi
River.

All of the irrigation return flows, from the surficial aqui-
fer (table 1-1) and buried aquifers (table 1-2), were assumed
to return 50 percent of the reported water usage. Return flow
measurements did not exist for use in this study; therefore, a
medium-range estimate of return flow was applied for the all
irrigation return flow. For the 1987 national water summary
(Carr and others, 1990), irrigation return flow for all sources
was reported as 46.1 percent. However, estimates of return
flows nationwide were discontinued after 1995 (Maupin and
others, 2014), and return flows are known to vary spatially

aw

and temporally (Carr and others, 1990; Maupin and others,
2014). For domestic water usage, the self-supplied per capita
use (in gallons per day) of 70 gallons per day for Minnesota
was applied (Maupin and others, 2014). Based on assumptions
from Carr and others (1990), an estimated 80.5 percent of
self-supplied domestic water use and reported municipal water
supply is return flow, on average, with the remaining 19.5 per-
cent as consumptive use. All domestic wells were assumed to
have four persons per well.

Groundwater Discharge to the
Mississippi River

The groundwater discharge to the Mississippi River was
computed on September 13, 2012, for a reach of the Mis-
sissippi River between the cities of Clearwater and Becker,
Minn. (fig. 4). The selected reach was long enough to receive a
measurable amount of groundwater discharge, was mostly free
of islands, and had a small amount of water flowing in from
tributaries. An analysis of variance of the corrected streamflow
for the study reach indicated that the difference in flow was
significant at the 5 percent alpha level, and a significant gain
of 48.1 ft¥/s was along the 9.2-mile reach, for an average gain
of 5.23 ft¥/s/mi.

The surface area of the reach was used for computing
the FAO Penman-Monteith ET (Allen and others, 1998) and
change in storage. Because the change in stage was zero at all
six temporary pressure transducers, the change in storage also
was zero. An approximation of the total surface areca was made
by extrapolating the decrease in the surface area measured
by RTK—GPS from the surface area determined from histori-
cal aerial photography. Although the difference between the
RTK-GPS and the aerial photography was less than 5 percent,
the correction factor was still applied to calculate an accurate
total surface area for the September 13, 2012, measurement.
Hourly FAO Penman-Monteith ET, calculations for September
13, 2012, are summarized in table 3—1; daily FAO Penman-
Monteith ET, calculations for September 1, 2012, through
November 30, 2014, are summarized in table 3-2.

The difference between each measured flow and the
overall mean flow for each measurement section was com-
puted to determine any instrument bias. The mean measured
flow at each reach was used because the flow or storage did
not change for the duration of the evaluation. An analysis of
variance indicated that the difference among the five ADCPs
was significant, so each individual measurement was adjusted
by the amount listed in table 5. With these adjustments, the
mean outflow was 2,176.5 ft*/s (downstream) and the mean
inflow was 2,128.4 {t*/s (upstream), as shown in figure 7. By
difference, the gain through the river section was 48.1 ft¥/s,
with 95 percent confidence intervals of 33.7 ft*/s and 62.6 ft'/s.
All uncorrected and corrected streamflow measurements listed
in table 4-1.
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Table 5. Acoustic Doppler current profiler (ADCP) measurement
corrections, in cubic feet per second, listed by each ADCP

serial number used for the September 13, 2012 streamflow
measurements.

ADCP serial number Correction, in cubic feet per second

399 9

789 7

851 14

1013 -25

1168 -19
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Figure 7. Truncated box plot (10th and 90th percentile) showing
the overall mean flow in cubic feet per second for the upstream
(A and B) transects and downstream (C and D) transects. Total
number of measurements for the two locations are shown at the
top.

The average gain of 5.23 ft*/s/mi for the 9.2-mile reach
was comparable to previous indirect groundwater discharge
estimates to the Mississippi River in the reach from St. Cloud to
the Twin Cities, including Lindholm (1980) and Payne (1995).
Measured gains ranging from 2.5 to 4.9 ft*/s/mi were reported
by Lindholm (1980), and a measured gain of 2.59 ft*/s/mi based
on three low-flow periods from 1969 to 1976 was reported by
Payne (1995). Farther upstream in Morrison County, model-
derived groundwater discharge to the Mississippi River ranging
from 0.3 to 2.85 ft*/s/mi was reported by Helgesen (1973). The
average gain from this study on September 13, 2012, is the first
published attempt at a direct measurement of Mississippi River
groundwater discharge.

Groundwater Balances for the
Interstate 94 Corridor Surficial Aquifer

Seasonal and annual groundwater balances were cal-
culated for the 1-94 Corridor surficial aquifer. Groundwater
balances can provide a means for evaluating the sustainability
of a water supply (Healy and others, 2007). A water balance
simply states that the rate of change in water stored in an

area, such as a watershed, is balanced by the rate at which
water flows into and out of the area. For the [-94 Corridor,
an acceptable level of groundwater drawdown in order to
meet regional groundwater demand could temporarily reduce
groundwater base flow to the nearby surface-water bodies
(Alley and others, 1999), in particular the Mississippi River.

As a precursor to the groundwater balances, all of the
groundwater balance components, such as precipitation,
evapotranspiration, recharge, and water use, were collected
or calculated. Additionally, surficial aquifer potentiometric-
surface maps were constructed. The differences between
surficial aquifer potentiometric-surface maps from different
time periods were used as an approximation of the changes in
water storage.

Groundwater Levels, Evapotranspiration,
Precipitation, and Water Use

Continuous groundwater levels were collected for 12
wells (water-level sites) throughout the [-94 Corridor (fig. 5);
each water year had at least 10 wells with complete records.
Because transducers were relocated during the study, two
wells had incomplete records. Selection of wells were made
based upon maximizing areal extent in an attempt to account
for potential heterogeneity in the surficial aquifer of the study
area.

The water table represented by continuous groundwater
levels ranged from 7.2 to 45.5 feet below land surface (fig. 8).
In late June 2014, after a 3-month period beginning in early
April 2014, water elevations generally were the highest, by
about 4.8 feet (fig. 8). Although no active continuous water-
level gages of lakes and wetlands were across the study area,
the water table approached zero where the surficial aquifer
was in hydrologic contact with a wetland or lake. Therefore,
in many cases, the water table surface tended to mimic the
topography in the [-94 Corridor, a common characteristic
of shallow surficial aquifers (Winter and others, 1998). For
example, one well close to an ephemeral wetland (ALUS-07,
USGS 452609093553001) generally had the shallowest water
table elevation of the 12 continuous groundwater levels. The
other well with a shallow table elevation, ALUS-32 (USGS
451753093434801), was within about 200 meters of the Mis-
sissippi River. The water levels in ALUS-32 tended to rise
and fall more frequently and faster than the other wells, likely
because of its contact with the Mississippi River.

In water years 2013 and 2014, water levels started rising
in early April and reached peak levels in late June to mid-July.
Groundwater rises were more subdued in water year 2013 than
in water year 2014, which reflected the lack of precipitation in
2013 compared to 2014 (table 4; fig. 8). Water levels rose by
an average of 1.62 feet in water year 2013 and by an average
of 4.81 feet in water year 2014 (fig. 8). Average precipitation
throughout the [-94 Corridor from April through September
was 15.58 inches in 2013 and 28.92 inches in 2014. In water
years 2013 and 2014, groundwater levels also declined rapidly
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Figure 8. Water table surface elevation, in feet below land surface, for the 12 continuous groundwater-level records for
water years 2013-14 in the Interstate 94 Corridor. An average daily precipitation of the 12 colocated precipitation gages with

complete records also is shown in inches.
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after reaching peak levels. The lowest groundwater levels
were measured from mid-September to mid-October. These
lower groundwater levels were partially attributable to less
precipitation and the elevated evapotranspiration rates during
these months. Although more precipitation fell in water year
2014 than in water year 2013, water levels declined at nearly
the same rate in 2014 (1.74 feet) as in 2013 (1.91 feet).

Evapotranspiration rates from April through September
were similar in 2013 and 2014. The ET, for the 2013 and 2014
growing seasons (May through September) was 32.6 inches
and 33.0 inches, respectively. The largest difference between
water year 2013 and water year 2014 was the amount of rain.
Increased precipitation in 2014 led to increased aquifer replen-
ishment and groundwater recharge of the surficial aquifer from
April to early July 2014. When the evapotranspiration reached
its highest levels in the summer, the aquifer depletion, which
was within less than 0.2 feet between 2013 and 2014, led to
shallower water table elevations in November 2014 compared
to April 2014. For the same period a year earlier, however,
water table elevations in November 2013 were similar to water
table elevations in April 2013.

With nearly the same potential evapotranspiration dur-
ing both growing seasons, average precipitation from July
through September was 6.04 inches in water year 2013 and
9.59 inches in water year 2014 (table 4), based on the average
for all precipitation gages with complete records. Groundwater
levels declined nearly at the same rate, so part of the differ-
ence between 2013 and 2014 likely was a result of differences
in pumping rates and irrigation. In calendar year 2013, water
was withdrawn at a rate of approximately 3,014.4 Mgal/yr
from surficial aquifer sources underlying the 1-94 Corridor
(table 1-1). In calendar year 2014, water was withdrawn at a
rate of approximately 2,118.9 Mgal/yr from surficial aquifer
sources underlying the [-94 Corridor (table 1-1). Because
2013 was a drier year than 2014, water use from the permitted
wells was inversely proportional to precipitation, particularly
in August. For example, water use was 29.7 percent less in
calendar year 2014 than in calendar year 2013. In August
2014, water use was 41.9 percent less than August 2013; per-
mitted water use from table 1-1 was 1,062.2 million gallons
(Mgal) and 617.4 Mgal for August 2013 and August 2014,
respectively.

Irrigation might have supplemented surficial aquifer
water levels in 2013 and prevented water levels from declin-
ing more substantially from mid-summer to fall. This seems
counterintuitive given the general assumption that irrigation
causes further drawdown of the surficial aquifer; however, a
substantial proportion of irrigation (approximately one-half)
in the 1-94 Corridor is from buried aquifer sources that might
be limited in hydrologic connections to the surficial aquifer.
Therefore, irrigation return flow sourced from the buried
aquifer could have supplemented the surficial aquifer in 2013.
In addition to supplementing crop growth and unsaturated
zone moisture deficits, surficial and buried aquifer irrigation
also might have supplemented the area of the unsaturated zone

below the root zone to the surface of the water table to allow
for less drawdown despite the drier conditions.

Groundwater Recharge

For this study, two methods were used to derive recharge
rates to the surficial aquifer. In the context of the groundwater
recharge rates derived for this study, recharge to the surficial
aquifer was from the vertical infiltration of precipitation and
snowmelt (areal recharge). Other recharge sources could be
from surface waters, such as ephemeral wetlands, and the
upward leakage of water from the buried aquifers; however, in
this study, other methods were not available to define recharge
from these other sources.

Recharge was estimated from the continuous hydrographs
of 12 wells (water-level sites) in the surficial aquifer using the
RISE program (Lorenz, 2016). Water year 2013 had 10 wells
with complete records (11-12 months with monthly recharge
rates), and water year 2014 had 11 wells with complete records
(9-12 months with monthly recharge rates) (table 6). The
monthly threshold for a complete record was lower for water
year 2014 because 2 of the 12 wells were only missing data in
the winter when recharge would be minimal or nonexistent.

The monthly groundwater recharge rates calculated using
the RISE program and aggregate functions (Lorenz, 2016),
including a summary of annual recharge rates, are listed in
table 6. Given that recharge is unlikely during the winter, the
nonwinter groundwater recharge rates were considered more
realistic estimates of groundwater recharge rates and also are
summarized in table 6. Well ALUS-32 likely was affected by
water levels in the Mississippi River. Therefore, recharged
estimates that include ALUS-32 may not accurately represent
recharge from the surficial aquifer. Excluding ALUS-32, the
annual, nonwinter recharge rates for water year 2013 ranged
from 3.87 to 11.91 inches per year (table 6).

For water year 2014, nonwinter groundwater recharge
rates ranged from 3.30 to 11.25 inches per year (excluding
ALUS-32). Although precipitation increased during water
year 2014, recharge rates are nearly identical to rates calcu-
lated for water year 2013. Because precipitation in water year
2013 was less than in water year 2014 (table 4), groundwater
recharge rates were expected to be much lower in water year
2013 than in water year 2014. Recharge rates, however, were
not much lower in 2013 than in 2014.

The SWB model (Westenbroek and others, 2010) also
was used to estimate groundwater recharge rates for the [-94
Corridor. As discussed in the “Methods” section, the state-
wide SWB model (Smith and Westenbroek, 2015) was used
to extract groundwater recharge rates for the different wells to
compare methods and determine the water balances discussed
later in this report. For this study, the statewide potential
recharge model (Smith and Westenbroek, 2015) was updated
to include climatological data through 2014 and had a finer
grid resolution of 100 meters rather than 1 kilometer (Smith,
2017).



Table 6. Calculated groundwater recharge rates, based upon the RISE program (Rutledge, 2002; Delin and others, 2007). Only months with continuous
monitoring data are listed. All calculations were completed using the R version of the RISE program and aggregate function, both included in the DVstats
package (Lorenz, 2016).

[ID, identification; --, no data; N.R., no record; P.R., partial record]
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Water year 2013
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation, in inches
Precipitation, in inches All 12 months Without Nov.—Mar.
GC13 - - - - - - - - - - - - N.R. N.R.
ALUS-02 0.99 0.81 0.84 099 0.78 0.69 0.03 0 0.03 1.08 2.43 1.89 10.56 6.45
ALUS-03 0.81 0.72  0.69 0.93 0.69 0.54 0.27 0 0.99 4.44 3.60 1.50 15.18 11.61
ALUS-07 0.60 0.63  0.60 0.69 0.57 0.42 0.12 045 090 4.68 3.66 1.50 14.82 11.91
ALUS-11 1.20 1.92 1.44 1.29 1.11 0.81 0.51 0.15 0.00 0.30 1.83 2.01 12.57 6.00
ALUS-18 0.69 0.63 0.72 0.90 0.78 0.57 0 0.39  1.89 2.64 3.48 -- 12.69 9.09
ALUS-20 0.72 0.27 0.36 0.75 0.51 3.00 0.03 0 1.74 4.23 4.26 -- 15.87 10.98
ALUS-25 0.30 0.27 0.33 0.48 0.51 0.48 0 0 0.45 1.02 1.32 0.75 5.94 3.87
ALUS-31 1.59 1.47 1.50 147 1.23 1.14 0.39 0 0.03 0.36 1.41 1.95 12.54 5.73
ALUS-32 0.78 1.02  1.38 1.47 0.99 0.75 0.30 1.71  3.36 5.52 3.87 0.93 22.08 16.47
ALUS-33 1.23 0.90 0.78 0.87 0.69 0.66 0.09 0.03 0.12 0.15 1.20 1.05 7.77 3.87
ALUS-35 -- -- -- -- -- -- -- -- -- -- -- -- N.R. N.R.
Water year 2014
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation, in inches
Precipitation, in inches All 12 months Without Nov.—Mar.

GC133 - - - 0.57 0.21 0.21 0 0.03 0.03 4.11 4.14 2.28 11.58 10.59
ALUS-02 0.84 0.84 0.66 0.99 0.57 0.66 0 0 0.03 2.10 1.92 1.08 9.69 5.97
ALUS-03 0.45 0.63 0.66 -- -- -- -- -- -- -- -- - PR. PR.
ALUS-07 0.30 0.69 0.63 0.75 0.45 0.27 0 0.21 0.69 4.53 2.46 0.87 11.85 9.06
ALUS-11 0.93 0.81 0.66 0.93 0.60 0.66 0.21 0 0 0.09 1.08 0.99 6.96 3.30
ALUS-18 0.18 0.12 0.36 0.93 0.63 0.75 0 0 0.09 3.30 222 0.09 8.67 5.88
ALUS-20 0.00 0.24 0.48 0.60 0.66 0.81 0 0 0 6.00 4.23 0.30 13.32 10.53
ALUS-25 0.15 0.00 0.09 0.30 0.57 0.36 0 0.21 0.93 1.65 1.35 0.18 5.79 4.47
ALUS-31 1.23 0.45 0.69 0.87 0.87 0.66 0.21 0.00 0 0.96 1.71 0.75 8.40 4.86
ALUS-32 0.60 1.08 1.59 1.44 2.16 0.93 0.51 4.98 8.58 6.39 2.52 2.04 32.82 25.62
ALUS-33 0.69 0.72 0.57 0.90 0.54 0.66 0 0 0 1.44 1.23 0.63 7.38 3.99

ALUS-35 -- -- -- 4.29 2.22 3.69 1.56 0.18 0 3.36 4.02 2.13 21.45 11.25
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The monthly groundwater recharge rates from the SWB
method, including a summary of annual recharge rates, are
listed in table 7. The 201014 mean annual potential recharge
estimates across the I-94 Corridor (100-meter resolution)
ranged from 0.70 to 14.87 inches per year (fig. 9), slightly
lower than overall range for the annual recharge rates of 2013
to 2014. Because the SWB results were available at a 100-
meter resolution for the study area, the overlapping grid cell
for the individual wells was extracted for comparison to the
RISE-derived estimates.

As with the RISE recharge rates, nonwinter groundwater
recharge rates were considered more realistic estimates of
groundwater recharge. Nonwinter groundwater recharge rates
estimated using SWB are summarized in table 7. However,
SWB already accounts for frozen ground, and these rates were
mainly created for comparison to the RISE recharge rates.
Little recharge was measured during the winter for SWB. For
water year 2013, nonwinter groundwater recharge rates from
SWB ranged from 5.23 to 7.99 inches per year, and for water
year 2014, the nonwinter groundwater recharge rates from
SWB ranged from 10.40 to 17.06 inches per year (table 7).

Considerable differences existed between the two
groundwater recharge estimates. However, groundwater
recharge is one of the most difficult components of a water
budget to ascertain, so using multiple techniques helps to
quantify variability of the potential recharge to an area (Healy
and Scanlon, 2010). The RISE recharge rates were approxi-
mately the same compared to the SWB recharge rates for
water year 2013, deviating by an average of 0.10 inch per year,
with nonwinter differences ranging from -3.86 to 4.99 inches
per year (table 8). However, RISE recharge rates underesti-
mated SWB recharge rates for water year 2014 by an average
of 7.65 inches per year, with nonwinter differences ranging
from -12.35 to 0.19 inches per year (table 8).

Both techniques for estimating groundwater recharge
have limitations and assumptions. Techniques based upon
calculating recharge from well hydrographs, such as RISE,
are particularly sensitive to small groundwater rises that are
not necessarily caused by a precipitation event (Healy and
Scanlon, 2010). The technique RISE also can underestimate
recharge rates if the aquifer is well connected to land surface
and recharge happens quickly. In contrast, SWB is a difference
model, and any errors in the various hydrologic components
(for example, precipitation, snowmelt, outflow, and evapo-
transpiration) will be superimposed on the potential recharge
error. Errors from the original sources, such as precipitation
or temperature (relating to snowmelt and evapotranspiration),
are difficult to quantify; thus, assigning reasonable uncertainty
to the potential recharge estimate is challenging (Smith and
Westenbroek, 2015). Finally, the excess precipitation in 2014
might have compensated moisture deficits above the water
table.

When using SWB to estimate potential recharge, users
must assume that potential recharge eventually becomes actual
recharge. Because the path or distance to the water table is not
known, the SWB model only represents water leaving the root

zone. Therefore, SWB does not take into account lateral move-
ment of water that discharges to nearby surface-water bod-

ies before reaching the water table. RISE, on the other hand,
accounts for replenishing of the unsaturated zone between the
top few meters and the surficial aquifer. This final point could
explain the large discrepancy between RISE and SWB, par-
ticularly in 2014; the excess precipitation replenished moisture
deficits below the root zone and above the water table, a zone
unaccounted for within the SWB estimates.

Surficial Aquifer Potentiometric Surfaces

Potentiometric-surface maps were based on six water
synoptic surveys completed in calendar years 2013 and 2014
(figs. 10—15) that correspond to May 2013, July 2013, Novem-
ber 2013, April 2014, July 2014, and November 2014, respec-
tively. As much as possible, the year to year measurements
were made during the same weeks. Data used to construct
these potentiometric-surface maps are presented in appen-

dix 2. Potentiometric-surface maps are used to infer the areal
distribution of the water table and to construct difference maps
and volume changes between synoptic surveys. As noted in the
methods, lakes, rivers, and wetland surfaces were considered
when contouring the water table up to land surface.

The potentiometric surface (figs. 10—15) generally sloped
towards the Mississippi River on both sides of the river,
indicative of a river gaining flow as it receives discharge from
the aquifer. However, because the potentiometric surface
generally mimics the land surface, southeastern portions of
the [-94 Corridor sloped towards lakes and wetlands (fig. 1).
These lakes and wetlands complicated the smooth transition
of the potentiometric surface towards the river. Additionally,

a lack of synoptic measurements in the southern portions of
the [-94 Corridor led to less confidence in the true nature of
the potentiometric surface. With the six potentiometric-surface
maps (fig. 10-15), the changes among the time periods were
subtle and can be better distinguished in the groundwater-level
change maps presented in the following section.

Groundwater levels, in feet above North American Verti-
cal Datum of 1988 (NAVD 88), for the 12 continuous ground-
water level records are shown in figure 16. Generally, the
lower the elevation, the closer the well was to the Mississippi
River, which had the lowest elevations. Overall, the surficial
aquifer potentiometric surface elevation ranged from about
850 feet near the confluence of the Mississippi and Elk Riv-
ers (southeast corner of study area) to about 1,000 feet in the
northwest corner of the study area (fig. 16). For the monitored
continuous records, the observed range between ALUS-25 and
ALUS-07 was almost 70 feet (fig. 16).

Groundwater-Level Changes

To illustrate the seasonal groundwater-level changes in
the surficial aquifer, six difference maps were constructed
as an approximation of the changes in water storage.



Table 7. Calculated groundwater recharge rates, based upon the soil-water-balance (SWB) model (Westenbroek and others, 2010; Smith and Westenbroek,
2015; Smith, 2017 ). The SWB lookup table based upon calibrated Minnesota-wide SWB model, as published in Smith and Westenbroek (2015). All values are in
inches of potential recharge.

[ID, identification]

8¢

Water year 2013
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation, in inches
Precipitation, in inches All 12 months Without Nov.—Mar.

GC133 0 0 0 0 0 0 3.43 0.55 1.25 0 0 0 5.23 5.23
ALUS-02 0 0 0 0 0 0 4.54 0.89 2.02 0 0 0.35 7.80 7.80
ALUS-03 0 0 0 0 0 0 3.94 0.81 1.88 0 0 0 6.62 6.62
ALUS-07 0 0 0 0 0 0.18 4.53 1.09 2.23 0 0 0.03 8.06 7.87
ALUS-11 0 0 0 0 0 0.17 5.02 0.88 2.10 0 0 0 8.16 7.99
ALUS-18 0 0 0 0 0 0 4.62 0.75 1.88 0 0 0 7.26 7.26
ALUS-20 0 0 0 0 0 0.21 4.90 0.94 2.04 0 0 0 8.08 7.87
ALUS-25 0 0 0 0 0 0.12 5.26 0.72 1.75 0 0 0 7.85 7.73
ALUS-31 0 0 0 0 0 0.13 4.75 0.95 2.12 0 0 0 7.96 7.83
ALUS-32 0 0 0 0 0 0 5.12 0.68 1.79 0 0 0 7.58 7.58
ALUS-33 0 0 0 0 0 0.06 5.26 0.69 1.63 0 0 0 7.63 7.57
ALUS-35 0 0 0 0 0 0 4.75 0.67 1.97 0 0 0 7.39 7.39

Water year 2014
Well ID Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual precipitation, in inches
Precipitation, in inches All 12 months Without Nov.—Mar.

GC133 0.21 0 0 0 0 0.33 438 2.23 3.21 0 0 0.38 10.73 10.40
ALUS-02 1.96 0 0 0 0 0.74 5.86 2.73 3.68 0 0.33 0.74 16.05 15.31
ALUS-03 1.66 0 0 0 0 0.68 5.26 2.52 3.45 0 0.22 2.33 16.14 15.45
ALUS-07 1.95 0 0 0 0 0.85 5.90 2.72 3.60 0 0.48 2.42 17.91 17.06
ALUS-11 1.83 0 0 0 0 0.84 5.95 2.86 4.09 0 0.28 0.64 16.50 15.65
ALUS-18 1.59 0.02 0 0 0 0.77 5.61 2.75 4.06 0 0.03 0.61 15.44 14.65
ALUS-20 0.86 0.11 0 0 0 0.79 5.74 2.84 4.30 0 0.27 0.64 15.55 14.65
ALUS-25 0.89 0.09 0 0 0 0.70 5.79 3.03 4.23 0 0.17 0.62 15.53 14.74
ALUS-31 1.81 0 0 0 0 0.80 5.92 2.78 3.88 0 0.29 0.61 16.08 15.28
ALUS-32 0.74 0.09 0 0 0 0.65 5.86 3.01 4.12 0 0.02 0.62 15.10 14.36
ALUS-33 0.69 0.04 0 0 0 0.66 6.06 2.83 4.47 0 0.10 0.61 15.46 14.75
ALUS-35 0.65 0 0 0 0 0.64 5.73 2.76 3.98 0 0.12 0.64 14.53 13.89
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Figure 9. Mean annual potential recharge rates from 2010 through 2014 for the Interstate 94 Corridor, based on extracted results from an updated Minnesota Soil-
Water-Balance (SWB) model (Smith, 2017).
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Table 8. Annual groundwater recharge rates, based on the R version of the RISE method (Lorenz, 2016) and soil-water-balance (SWB)
model (Smith, 2017 ). Difference in inches of recharge is listed, with the SWB recharge results subtracted from the RISE recharge rates
for the entire year (12 months) and the nonwinter portion of the year (without November through March); ALUS-32 is not included.

[ID, identification; N.R., no record; --, no data; P.R., partial record]

RISE SWB Difference (RISE minus SWB)
Water year 2013 Water year 2014 Water year 2013 Water year 2014 Water year 2013 Water year 2014
WelllD \p Without . Without . Without . Without , ., Without , ., Without

months Ma.r. months Ma.r. months Mar. months Ma.r. months Ma.r. months Mar.
GC133 N.R. N.R. 11.58 10.59 5.23 5.23 10.73 10.40 -- -- 0.85 0.19
ALUS-02 10.56 6.45 9.69 5.97 7.80 7.80 16.05 15.31 2.76 -1.35 -6.36 -9.34
ALUS-03 15.18 11.61 P.R. P.R. 6.62 6.62 16.14 15.45 8.56 4.99 -- --
ALUS-07 14.82 11.91 11.85 9.06 8.06 7.87 17.91 17.06 6.76 4.04 -6.06 -8.00
ALUS-11  12.57 6.00 6.96 3.30 8.16 7.99 16.50 15.65 4.41 -1.99 -9.54 -12.35
ALUS-18  12.69 9.09 8.67 5.88 7.26 7.26 15.44 14.65 5.43 1.83 -6.77 -8.77
ALUS-20 15.87 10.98 13.32 10.53 8.08 7.87 15.55 14.65 7.79 3.11 -2.23 -4.12
ALUS-25 5.94 3.87 5.79 4.47 7.85 7.73 15.53 14.74 -1.91 -3.86 -9.74 -10.27
ALUS-31 12.54 5.73 8.40 4.86 7.96 7.83 16.08 15.28 4.58 -2.10 -7.68 -10.42
ALUS-33 7.77 3.87 7.38 3.99 7.63 7.57 15.46 14.75 0.14 -3.70 -8.08 -10.76
ALUS-35 N.R. N.R. 21.45 11.25 7.39 7.39 14.53 13.89 -- -- 6.92 -2.64

Groundwater levels in the surficial aquifer for the [-94 Cor-
ridor declined as much as 9.46 feet and gained as much as
22.50 feet during the study period.

Maps were constructed to show the short-term ground-
water-level changes between spring and mid-summer for May
2013 through July 2013 (fig. 17) and April 2014 through July
2014 (fig. 18). Additional maps were constructed to show
short-term changes between mid-summer and late fall for July
2013 through November 2013 (fig. 19) and July 2014 through
November 2014 (fig. 20). In 2013, the drier conditions in the
9 months preceding July 2013 (table 4; fig. 17) led to more
of the surficial aquifer water volume being depleted between
May 2013 and July 2013. This depletion resulted in less aqui-
fer replenishment, including widespread losses in the surficial
aquifer (as much as -11.55 feet). For the same period in 2014,
most of the surficial aquifer gained water during April through
July, with only a few isolated pockets of the surficial aquifer
losing water during April 2014 (fig. 18). Overall, the surficial
aquifer seasonal deficits were more substantial for 2013, and
in 2014, the same areas that indicated large deficits gained as
much as 9.46 feet in water table elevation.

The seasonal change maps illustrated deficits from mid-
summer through late fall (figs. 19-20). Continuous ground-
water levels that indicated seasonal declines in continuous
groundwater levels from July through September and Octo-
ber, further support these deficits (figs. 9 and 16). However,
the high amount of precipitation in the first one-half of
calendar year 2014 prevented large aquifer volume deficits,

with the exception of a couple areas in the central portions of
the I-94 Corridor (fig. 20). These deficit areas corresponded
to areas of higher groundwater pumping from the surficial
aquifer (fig. 3).

Surficial aquifer storage changes during the 2013 and
2014 water years are shown in two other maps (figs. 21-22).
From July 2013 through July 2014, most of the aquifer had
gained water from the previous year because of above normal
precipitation in late fall 2013 through spring 2014 and because
of less overall surficial aquifer irrigation in 2014 (fig. 21;
table 1-1; table 1-2). The areas with the highest amount of
irrigation demand in 2013 indicated an overall gain between 2
and 4 feet by July 2014 and as high as 22.50 feet. For the final
map that included the first and last synoptic survey measure-
ments, May 2013 and November 2014, the north-central por-
tions of the [-94 Corridor (fig. 22) had gains in the potentio-
metric surface as much as 3 feet or more. Isolated pockets with
losses often were close to the river and corresponded to areas
with higher concentrations of domestic wells that pulled water
from the surficial and buried aquifers (fig. 3).

Overall, during the 2-year study, groundwater levels indi-
cated the largest declines in groundwater levels were during
short duration periods in late summer and early fall, which are
the driest times of the year (figs. 19-20). Despite the elevated
demand on the surficial aquifer resources from domestic
pumping and irrigation, the high precipitation of late 2013
and the first one-half of 2014 replenished the surficial aquifer
deficits from 2013.
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Figure 10. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, May 2013; data used to construct the potentiometric surface are
presented in appendix 2.
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Figure 11. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, July 2013; data used to construct the potentiometric surface are presented
in appendix 2.
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Figure 12. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, November 2013; data used to construct the potentiometric surface are
presented in appendix 2.
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Figure 13. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, April 2014; data used to construct the potentiometric surface are

presented in appendix 2.
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Figure 14. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, July 2014; data used to construct the potentiometric surface are presented
in appendix 2.
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Figure 15. Potentiometric surface of the surficial aquifer within the Interstate 94 Corridor, November 2014, data used to construct the potentiometric surface are

presented in appendix 2.
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Water-table surface elevation, in feet above North American Vertical Datum of 1988
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Groundwater Balances for the Interstate 94 Corridor Surficial Aquifer
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Figure 16. Water table surface elevation, in feet above North American Vertical Datum of 1988, for the 12
continuous groundwater-level records for wells in the Interstate 94 Corridor during water years 2013 and 2014. An
average daily precipitation of the 12 colocated precipitation gages also is shown in inches.

37



45°25'

20'

45°15'

94°05' 94° 55'

35 93°30'

Extent of study area/surficial aquifer

Base map modified from U.S. Geological Survey
and other digital data, various scales.
Universal Transverse Mercator projection, zone 15, North

North American Datum of 1983 - Less than -2.00to a
minimum of -11.55

I -2.00 to less than -1.75
- -1.75to less than -1.50
- -1.50 to less than -1.25

Figure 17.
levels falling.

EXPLANATION
Groundwater-level change from May 2013 through July 2013, in feet
- -1.25 to less than -1.00 |:| -0.25 to less than 0 |:| 0.75 to less than 1.00
] -100tolessthan-075 [ | Otolessthan025  [__] 1.00to lessthan 1.25
|:| -0.75 to less than -0.50 |:| 0.25to less than 0.50 - 1.25 to less than 1.50
|:| -0.50 to less than -0.25 |:| 0.50 to less than 0.75 - 1.50 to less than 1.75

0 1 2 3 4 5 MILES
1 . '
0 1 2 3 4 b5KILOMETERS

- 1.75 to less than 2.00

- 2.00 to less than 3.00

- 3.00 to a maximum of 3.87

Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from May 2013 through July 2013. Blue shades are levels rising; red shades are
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Figure 18. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from April 2014 through July 2014. Blue shades are levels rising; red shades are

levels falling.
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Figure 19. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from July 2013 through November 2013. Blue shades are levels rising; red

shades are levels falling.
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Figure 20. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from July 2014 through November 2014. Blue shades are levels rising; red

shades are levels falling.

1ayinby [e191Ng 10pLLI0Y p6 B)e)SIB)U| B} 10} SaJUR|Rg 18)RMPUNOIL)

(87



45°25'

20'

45°15

94°05' 94° 55' 50' 45' 40 35' 93°30"

" Extent of study area/surficial aquifer

Base map modified from U.S. Geological Survey 0 1 2 3 4 5 MILES
and other digital data, various scales. EXPLANATION ! I
Universal Transverse Mercator projection, zone 15, North Groundwater-level change from July 2013 through July 2014, in feet 0 1 2 3 4 5KILOMETERS

North American Datum of 1983 Less than -2.00to a

ees than 200 [ 12510 lessthan-1.00 [ ] -0.25tolessthan0 [_] 0.75tolessthan1.00 [ 1.75to less than 2.00
B 200 to less than -1.75 []-100tolessthan-0.75 [ ] Otolessthan0.25  [] 1.00tolessthan125 [ 2.00to less than3.00
I -1.75 t less than -1.50 [ ]-075t0lessthan-050 [ ] 025tolessthan0.50 [] 1.25tolessthan 150 [l 3.00to a maximum of 2250
[ 150 to less than -1.25 [ ]-050tolessthan-0.25 [ ] 05010 lessthan0.75 [ 1.50to less than 1.75

Figure 21. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from July 2013 through July 2014. Blue shades are levels rising; red shades are
levels falling.
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Figure 22. Groundwater-level changes in the Interstate 94 Corridor surficial aquifer from May 2013 through November 2014. Blue shades are levels rising; red
shades are levels falling.
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44 Groundwater Discharge and Balances—Clearwater to Elk River, Minnesota, 2012-14

Groundwater Balance Comparisons

Six groundwater balances calculated for the surficial
aquifer are summarized in table 9. Between seasons in 2013
and in 2014, four short-term groundwater balances were
completed, and between 2013 and 2014, two longer-term
(1 year or greater) groundwater balances were completed.
The groundwater balance calculation periods correspond to
the six potentiometric-surface difference maps illustrated in
figs. 17-22. The change in surficial aquifer storage was cal-
culated based on the amount of water gained or lost between
any two synoptic surveys. The groundwater discharge to
the Mississippi River, which was assumed to be the primary
discharge body for the [-94 Corridor, was determined by using
equation 6.

Equation 6 only accounted for permitted groundwater
pumping from the surficial aquifer (table 1-1); however, equa-
tion 6 did account for irrigation return flow from the surficial
and buried aquifers within the study area. Likewise, domestic
water usage only was accounted for from the surficial aquifer,
but equation 6 accounted for septic return flow from domes-
tic wells (surficial and nonsurficial) and water-supply wells
(surficial and nonsurficial). Total recharge for the groundwater
balance was based on the summation of all SWB potential
recharge grid cells that were within the study area domain.

Additional results from the six groundwater balance cal-
culations are summarized in table 10, including the calculated
groundwater discharge (ng) to the Mississippi River and the
ratio of the calculated to the measured groundwater discharge
estimate from September 13, 2012. The static, calculated
surficial aquifer volume determined for the I-94 Corridor is
reported in millions of gallons and in acre-feet. However, the
provided estimate of total water does not indicate the percent-
age of water that is recoverable. Also, the total water estimate
assumes a surficial aquifer specific yield of 25 percent (Heath,
1983). For the surficial aquifer underlying the study area, the
estimated total volume was 224,000 Mgal, or 687,000 acre-
feet (table 10).

The first two groundwater balances summarized in
tables 9 and 10 were for May through July 2013 (fig. 17)
and April through July 2014 (fig. 18), which are periods that
incorporate a time of the year when more precipitation was
expected. During both periods, evapotranspiration became an
increasingly important factor by the end of June, and ground-
water pumping increased as the year progressed. However,
the 2013 period was considerably drier than the 2014 period.
The 2013 period was shorter than the 2014 period (63 days as
compared to 106 days); however, the 2014 period had nearly
five times as much groundwater recharge (15,032 Mgal as
compared to 3,085 Mgal) (tables 9-10).

Irrigation and septic return flows did differ between the
two periods. However, the largest differences between the two
periods were the amount of recharge, the change in the surfi-
cial aquifer storage (4,709 Mgal gained in 2014 as compared
to 1,144 Mgal lost in 2013), and the large differences in the
calculated groundwater discharge to the Mississippi River

throughout the study area reach (table 10). In the 2014 period,
the calculated groundwater discharge (5.06 ft*/s/mi) from the
water budget was 96.4 percent (table 10) of the measured
groundwater discharge (5.23 ft¥/s/mi) from the ADCP mea-
surements. The 2013 period, on the other hand, had a calcu-
lated groundwater discharge of 3.42 ft*/s/mi, for a ratio of
65.1 percent to the measured discharge. The 2014 period had a
2.1 percent gain in aquifer volume as opposed to a 0.5 percent
loss for the 2013 period. Groundwater pumping was 45.8 and
8.6 percent of the total recharge for the 2013 and 2014 spring
to summer periods, respectively (table 10).

Groundwater balances for July through November 2013
(fig. 19) and July through November 2014 (fig. 18) are sum-
marized in tables 9 and 10. In contrast to spring/early sum-
mer periods, less precipitation was expected during these
periods. During July through November 2013 and July
through November 2014, evapotranspiration reached peak
levels before decreasing by November and while groundwa-
ter pumping for irrigation was still important. Total recharge
was nearly identical, with losses of 1,327 Mgal (2013) and
1,216 Mgal (2014) (table 9). However, the amount of permit-
ted surficial aquifer groundwater pumping was nearly double
in 2013 (1,429 Mgal) compared to 2014 (780 Mgal) (table 9).
Increased groundwater pumping from the surficial aquifer also
increased the estimated return flows.

Overall, the net groundwater pumping (initial pumping
minus return flow) from the surficial aquifer was higher in
2013. Pumping rates in 2013 likely were higher to make up
for soil moisture deficits above the water table caused by the
previously drier period from April through June 2013. Also,
the ET  in the 2013 period was slightly higher at 0.36 meter
as compared to 0.33 meter in 2014. However, the actual
evapotranspiration might have been lower in 2014, and the
2013 actual evapotranspiration might have approached the
theoretical ET,. Calculated groundwater discharges for the
July through November periods were nearly identical at
1.46 ft¥/s/mi (2013) and 1.45 ft¥/s/mi (2014) (table 10). Also,
calculated groundwater discharge was 27.7 percent of the
measured groundwater discharge for the July through Novem-
ber periods in 2013 and 2014. The largest difference between
the two periods was the ratio of groundwater pumping to total
recharge. In 2013, the ratio was 97.2 percent and in 2014 the
ratio was 53.6 percent (table 10). In 2013, therefore, from the
end of July to the beginning of November, almost all of the
potential groundwater recharge was captured by groundwater
pumping. The 2014 ratio was still high for more than one-half
of the groundwater recharge captured.

Capture within the study area was lower for longer peri-
ods than for shorter periods, but capture induced by ground-
water pumping was substantial regardless of period length.
However, results of this study indicate that overall surficial
aquifer storage is sustainable. The largest consequence of the
groundwater pumping was the reduced groundwater discharge
to nearby surface-water bodies, including the Mississippi
River. The high ratio of groundwater pumping to total recharge
for July through November 2013 indicates that sustained



Table 9. Six groundwater balances based on the same periods as the potentiometric-surface difference maps. All inputs (gains to the surficial aquifer), outputs (losses from the

surficial aquifer), and change in surficial aquifer storage are reported in millions of gallons.

[AS, change in storage]

Change in Return flow, Returnflow,  Septic Septic Septic return, Groundwa- Groundwa- Groundwater
. surficial ~ Total irrigation irrigation return,  return, water water supply ter, permitted ter, domestic discharge to
Groundwater balance Potenti- . .. . : - i .. . L
ometric- aquifer recharge (surficial (nonsurficial domestic supply (surfi- (nonsurficial (surficial (surficial ~ Mississippi
surface storage aquifer) aquifer) (all wells) cial aquifer) aquifer) aquifer) aquifer) River
(fig. AS Gains to surficial aquifer Losses from surficial aquifer
Calculation periOd number) vre.@gg vrf,irr—surf vrf.irr—nnnsurl vsr. dom-all Vsr. ws-surf vsr, ws-nonsurf D, permit Vp, domestic vgw»dis
In millions of gallons
May 2013 and July 2013 17 -1,144 3,085 690 498 49 0 96 -1,401 -12 -4,149
April 2014 and July 2014 18 4,709 15,032 613 540 82 3 53 -1,266 -20 -10,328
July 2013 and November 2013 19 -1,327 1,488 693 518 76 0 92 -1,429 -18 -2,748
July 2014 and November 2014 20 -1,216 1,488 366 316 76 0 78 -780 -18 -2,743
July 2013 and July 2014 21 4318 21,965 1,306 1,183 282 3 165 -2,756 -68 -17,762
May 2013 and November 2014 22 1,955 26,538 2,363 1,997 400 3 339 -4,937 -97 -24,651

Table 10. Results of six groundwater balance calculations, including the total change in surficial aquifer storage, total recharge (based on the soil-water-balance model),
calculated groundwater discharge to the Mississippi River, ratio of the calculated groundwater discharge to the September 2012 measurement (in percent), the ratio of change in

storage to overall surficial aquifer volume (in percent), and the ratio of groundwater pumping to change in total recharge.

[AS, change in storage]

Chan_gt_a in Groupdwater, Total Calculated Ratio t!f calcu- Estimated total  Estimated total R?tlo of change Ratio of
surficial permitted and groundwater  lated discharge .. . .. - in storage to
. . recharge, - surficial aquifer surficial aquifer . groundwater
Water balance aquifer domestic A discharge to to measured estimated total .
. . . . . in mil- Lo volume (study  volume (study . . pumping to
calculation period storage (AS), (surficial aquifer), . Mississippi (Sept. 2012) T . surficial aquifer
L. P lions of . . . R area), in millions area), in acre- . total recharge,
in millions of  in millions of River, in cubic discharge, volume, in .
gallons . . of gallons feet in percent
gallons gallons feet per mile in percent percent
May 2013 and July 2013 -1,144 1,413 3,085 3.42 65.1 224,000 687,000 -0.5 45.8
April 2014 and July 2014 4,709 1,286 15,032 5.06 96.4 224,000 687,000 2.1 8.6
July 2013 and November 2013 -1,327 1,447 1,488 1.46 27.7 224,000 687,000 -0.6 97.2
July 2014 and November 2014 -1,216 798 1,488 1.45 27.7 224,000 687,000 -0.5 53.6
July 2013 and July 2014 4,318 2,824 21,965 2.53 48.1 224,000 687,000 1.9 12.9
May 2013 and November 2014 1,955 5,034 26,538 2.47 47.1 224,000 687,000 0.9 19.0
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46 Groundwater Discharge and Balances—Clearwater to Elk River, Minnesota, 2012-14

groundwater recharge could be affected if a dry period were
sustained for a long time (more than 1 or 2 years) or if future
groundwater appropriation continues to increase.

The groundwater balance for July 2013 through July
2014 (fig. 21) is summarized in tables 9-10 and is an example
of the average usage during a 1-year period. For 9 months
before July 2013, conditions were drier than normal and the
July 2013 through July 2014 period included a wetter than
normal precipitation record. Because of the high amount of
precipitation, the overall study area surficial aquifer gained
4,318 Mgal from July 2013 through July 2014. The calculated
groundwater discharge of 2.53 ft*/s/mi was nearly one-half
of the discharge measured in September 2012 but within the
range of previous Mississippi River groundwater discharges.
The ratio of groundwater pumping to total recharge was
12.9 percent, and the change in storage in relation to the over-
all aquifer storage was a 1.9 percent gain (table 10).

The groundwater balance for May 2013 through Novem-
ber 2014 (fig. 22) is summarized in tables 9-10. This period
was the longest example available. The change in storage
(0.9 percent gain) was less than the July 2013 through July
2014 period, mainly because of the inclusion of the stressed
period from May through July 2013. Also, the ratio of ground-
water pumping to total recharge was higher at 19 percent
because of increased groundwater pumping during the stressed
period. The calculated groundwater discharge for May 2013
through November 2014 was 2.47 {t*/s/mi, which was similar
to the 1-year period (July 2013 through July 2014) calculated
groundwater discharge of 2.53 ft*/s/mi, indicating that the
long-term average groundwater discharge may be close to
2.5 ft*/s/mi.

Limitations and Assumptions

Study limitations and assumptions must be considered
carefully when evaluating study results. The potentiometric-
surface maps and groundwater balances presented in this study
are initial surficial aquifer estimates of groundwater storage
and usage for the [-94 Corridor, and long-term changes likely
are not represented in this 2-year study. Furthermore, all
groundwater exchange between the surficial aquifer and deep
aquifers was assumed to be at steady state.

The exchange between surficial and deep aquifers is
poorly understood and likely is not at steady state. Further-
more, a small component of the actual (measured) groundwa-
ter discharge could have originated in the buried aquifers and
would not be accounted for in equation 6. These factors likely
affect the groundwater balance. Therefore, development of a
regional groundwater model would enhance understanding of
the exchange between the surficial and buried aquifers. How-
ever, a regional groundwater model is beyond the scope of this
study and report.

For the groundwater balances, the largest inputs are
the potential recharge estimates from the SWB model

(Smith, 2017). The SWB conceptual model for this study
(Smith, 2017) is a higher resolution version of the Min-
nesota statewide recharge model (Smith and Westenbroek,
2015). Therefore, the same assumptions apply to both model
calibrations. The SWB model is a difference model, so
errors in the various hydrologic components (for example,
precipitation, snowmelt, outflow, and evapotranspiration)
will be superimposed on the potential recharge error. Errors
from original sources, such as precipitation or temperature
(relating to snowmelt and evapotranspiration), are difficult
to quantify; thus, assigning reasonable uncertainty to the
potential recharge estimate is challenging. The assumption
was that the potential recharge eventually became actual
recharge; however, the SWB model only represented water
leaving the root zone. Finally, HUC—12 boundaries used to
define the study area boundaries were assumed to coincide
with the aquifer watersheds (that is, the areas contributing
recharge to the aquifer); however, these boundaries do not
always coincide (Kanivetsky, 1979).

The return flow and septic return flow rates were not
known for this study, so irrigation return flow was assumed
to be 50 percent, and septic return flow was assumed to be
80.5 percent (Carr and others, 1990; Maupin and others,
2014). These rates vary with time and space (Carr and others,
1990; Maupin and others, 2014), and these assumptions had
the highest consequences during shorter periods. The assumed
rates were based on statements from these earlier reports and
were not based on any studied return rates for Minnesota.
For example, for the July through November 2013 period,
the difference between the total recharge (1,488 Mgal) and
irrigation return flow (693 Mgal and 518 Mgal, surficial and
buried aquifer sources, respectively) was small, so variable
return flow rates would have a large effect. However, dur-
ing longer-term calculations, such as the July 2013 through
July 2014 groundwater balance, the added irrigation return
flow was only 10 percent of the total recharge. Therefore, the
unknown magnitude of return flows and septic return flows
was more important for the short-term calculations. All of the
irrigation return flows were estimates based on a percentage of
self-reported water use, which was estimated as having about
a 10-percent error.

The surficial aquifer extent and the surficial aquifer
volume was based on the Minnesota Geological Survey
County Geologic Atlas conceptual models and raster sur-
faces developed for Sherburne and Wright Counties (Lusardi
and Adams, 2013; Hobbs, 2013; Knaeble, 2013; Knaeble
and others, 2013; Lusardi, 2013; Lusardi and Lively, 2013).
These conceptual models and raster surfaces, including the
areal extent and the thickness of the sand and gravel bod-
ies that made up the surficial aquifer, were interpreted from
stratigraphic logs provided by many sources (Setterholm,
2014). All surficial-aquifer areas were aggregated, and inter-
nal boundaries were dissolved to produce the surficial-aqui-
fer extent map. The result is an estimate of the area where
sand and gravel were assumed to be present at land surface
and at depth.



The potentiometric-surface and difference maps were
interpolated from the water level synoptic surveys. The
surficial aquifer was assumed to be hydraulically intercon-
nected, resulting in a spatially smooth potentiometric surface.
The resulting interpolated smooth surface was a simplification
of the actual water table; however, this simplification should
not affect the difference maps. The same simplifications were
used for all six potentiometric-surface maps that make up the
different synoptic surveys. Land surface was based on lidar
data with accuracy of plus or minus 0.06 to 0.11 meter as
estimated from nearby Anoka, Benton, and Meeker Counties
(not shown).

Summary

Water sustainability in Minnesota has received consider-
able attention during the last several years. Across the State of
Minnesota, 16 groundwater areas of concern have been identi-
fied, one of which was identified as the Interstate 94 (I-94)
Corridor because of its limited available groundwater and
potential for surficial aquifer contamination. The 1-94 Cor-
ridor encompasses an area between St. Cloud and the Min-
neapolis-St. Paul, Minnesota, metropolitan area. The region
includes several municipalities with rapid population growth
and other areas with an increasing demand for agricultural
irrigation. In an effort to better understand water sustainability
within the [-94 Corridor, the U.S. Geological Survey, in coop-
eration with the Minnesota Department of Natural Resources,
led a hydrologic investigation in portions of the [-94 Corridor
to complete a series of surficial aquifer groundwater balances.

Seasonal and annual groundwater balances were com-
pleted during portions of the period from October 1, 2012,
through November 30, 2014, and a combination of continu-
ous groundwater-level measurements and six groundwater-
level synoptic measurements were used to construct regional
potentiometric-surface maps for the surficial aquifer system.
Within the 1-94 Corridor, the surficial aquifer consists mainly
of unconsolidated sand and gravel deposits commonly referred
to as the Anoka Sand Plain. Overall, the study focused on the
surficial aquifer system and its interactions with the Mississippi
River rather than the coupled surficial-buried aquifer complex
because of the limitations of a water budget assessment of this
nature that does not include groundwater flow modeling.

A high-precision Mississippi River groundwater dis-
charge measurement was completed on September 13, 2012,
at low-flow conditions to assess the groundwater discharge
from the surficial aquifer system and help inform the surficial
aquifer groundwater budget. Annual water-use data were com-
piled for the I-94 Corridor from the Minnesota Department of
Natural Resources Water Appropriations Permit Program. This
permit program tracked monthly water use at sites using more
than 10,000 gallons per day, or 1 million gallons per year.
Also as part of the study, the U.S. Geological Survey used the
available county geological atlases for Sherburne and Wright
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Counties to determine the approximate areal extent and vol-
ume of the surficial aquifer system. Additional data collected
for this study included continuously recorded water levels and
precipitation at wells.

The groundwater discharge to the Mississippi River was
computed for a 9.2-mile reach of the Mississippi River between
the cities of Clearwater and Becker, Minn. The average gain of
5.23 cubic feet per second per mile (ft*/s/mi) for the 9.2-mile
reach was comparable to previous indirect groundwater dis-
charge estimates to the Mississippi River in the reach from St.
Cloud to the Minneapolis-St. Paul, Minn., metropolitan area.
The average gain from this study was on September 13, 2012,
and was the first published attempt at a direct measurement of
Mississippi River groundwater discharge.

Continuous groundwater levels were collected for
12 wells throughout the I-94 Corridor. The water table
across the continuous groundwater levels ranged from 7.2 to
45.5 feet below land surface. Water levels rose by an average
of 1.62 feet in 2013 and by an average of 4.81 feet in 2014;
both years starting in early April until reaching the shallowest
levels in late June to mid-July. Water levels across the surficial
aquifer generally reached their shallowest levels in late June
2014. Groundwater levels also dropped rapidly both years
after the peak levels, reaching the lowest levels in mid-
September to mid-October. This was partially attributable to
less precipitation and the elevated evapotranspiration rates
during these months. Although more precipitation fell in 2014
than in 2013, water levels declined at nearly the same rate in
2014 (1.74 feet) as in 2013 (1.91 feet).

The two methods used to derive recharge rates to the
surficial aquifer for this study are as follows: (1) recharge
estimated from the hydrographs of 12 wells completed in the
surficial aquifer using the RISE program and (2) potential
recharge estimated with the Soil-Water-Balance (SWB) model.
For the RISE-derived recharge estimates, the range was from
3.30 to 11.91 inches per year; for the SWB-derived recharge
estimates, the range was from 5.23 to 17.06 inches per year.
The RISE recharge rates were approximately the same
compared to the SWB results for water year 2013, deviating
by an average of 0.10 inch per year, with a nonwinter differ-
ence ranging from -3.86 to 4.99 inches per year. However, the
RISE recharge rates considerably underestimated groundwater
recharge compared to the SWB results for water year 2014 by
an average of 7.65 inches per year, with a nonwinter difference
ranging from -12.35 to 0.19 inches per year.

Groundwater-level synoptic surveys were done six times
during the study—May 2013, July 2013, November 2013,
March 2014, July 2014, and November 2014. Potentiometric-
surface maps were created for all six synoptic measurements.
These potentiometric-surface maps were used to infer the
areal distribution of the water table and to construct difference
maps and volume changes between synoptic measurements.
The surficial aquifer potentiometric surface ranged from about
850 feet near the confluence of the Mississippi and Elk Riv-
ers (southeast corner of study area) to about 1,000 feet in the
northwest corner of the study area.
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To illustrate the seasonal groundwater-level changes in
the surficial aquifer, six difference maps were constructed.
Groundwater levels in the surficial aquifer for the [-94 Cor-
ridor declined as much as 9.46 feet and gained as much as
22.50 feet. Maps were constructed to show the short-term
groundwater-level changes between spring and mid-summer
(2013, 2014) and between mid-summer to late fall (2013,
2014). The seasonal change maps between mid-summer to late
fall illustrated deficits for both years, which also was sup-
ported by the continuous groundwater levels that indicated
a seasonal decline from July to September and October. The
largest declines in groundwater levels were during short dura-
tion periods in late summer and early fall, which are the driest
times of the year. Despite the high demand on the surficial
aquifer resources from domestic pumping and from irrigation,
the high precipitation of late 2013 and the first one-half of
2014 replenished the surficial aquifer deficits from 2013.

A total of six groundwater balances for the I-94 Corri-
dor were calculated for the surficial aquifer. Between seasons
in 2013 and in 2014, four short-term groundwater balances
were completed, and between 2013 and 2014, two longer-term
(1 year or greater) groundwater balances were completed. Based
on the groundwater balance, the calculated groundwater dis-
charge ranged from 1.45 to 5.06 ft*/s/mi, a ratio of 27.7 to 96.4
of measured groundwater discharge of 5.23 ft*/s/mi. For the two
longer period groundwater balances, the calculated groundwater
discharge was 2.47 ft*/s/mi and 2.53 ft*/s/mi, suggesting the
long-term average groundwater discharge for this Mississippi
River reach was close to 2.5 ft*/s/mi. As a percentage of total
recharge for the six groundwater balances, groundwater pump-
ing ranged from 8.6 to 97.2 percent. The long-term calcula-
tions were between 12.9 and 19 percent, with the short-term
calculations having a higher percentage. The 97.2 percent
groundwater pumping to total recharge was during the period
from July through November 2013, which was after almost a
1-year period of below normal precipitation. However, the high
groundwater pumping to total recharge ratio for July through
November 2013 suggested that caution should be exercised
if such a dry period were sustained for a longer period or if
groundwater appropriations continued to increase, particularly if
groundwater pumping and usage were to exceed total recharge.
Another important consideration was that the high water use
would reduce groundwater discharge to nearby surface-water
bodies. Although a decrease in groundwater discharge might
be imperceptible for the Mississippi River, smaller lakes and
wetlands that are connected to the surficial aquifer could be
vulnerable to large water elevation drops with time.

Opverall, the study included six synoptic surveys of
groundwater levels in wells, along with continuous ground-
water hydrographs, rainfall records, and a compilation of the
pertinent irrigation data during the study period (October 1,
2012, through November 30, 2014). The combined hydrologi-
cal investigation and included datasets establish necessary
information in the [-94 Corridor for a future groundwater
modeling framework.
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Appendix 1. Monthly Water Usage,
Calendar Years 2013-14

Monthly water usage for surficial aquifer system in the
Interstate 94 Corridor, in millions of gallons, for the calendar
years 2013—14 (Minnesota Department of Natural Resources,
2016b). Only surficial aquifer wells with reported usage
during this period of record are listed in table 1-1, avail-
able for download as a Microsoft Excel® file at https://doi.
org/10.3133/sir20175114. Other permitted surficial aquifer
wells exist in the study area; however, those wells did not have
reported usage in calendar years 2013—14.

Monthly water use for all other wells with reported usage
during this period of record (calendar years 2013—14) is listed
in table 1-2 (available for download as a Microsoft Excel®
file at https://doi.org/10.3133/sir20175114); these wells were
either listed as a buried aquifer well (listed as QBAA, or
Quaternary buried artesian aquifer well in the Minnesota Well
Index) or were deeper wells without a designation.

Other information for tables 1-1 and 1-2 includes permit
number, well depths, primary water use, and county location.

Appendix 2. Synoptic Water-Level
Measurements, Water Years 2013-14

Synoptic water-level survey measurements in water
year 2013 (table 2—1, available for download as a Microsoft
Excel® file at https://doi.org/10.3133/sir20175114) and water
year 2014 (table 2-2, available for download as a Microsoft
Excel® file at https://doi.org/10.3133/sir20175114). Each year
included three measurement surveys, the date/time measured,
and depth below land surface in feet (also in NAVD 8§88).

Appendix 3. Food and Agriculture
Organization Penman-Monteith
Reference Evapotranspiration Rates,
201214

Hourly (for September 13, 2012) and daily (September
1, 2012, through November 30, 2014) Food and Agriculture
Organization (FAO) Penman-Monteith reference evapotranspi-
ration rates, respectively, in table 3—1 and table 3-2, avail-
able for download as a Microsoft Excel® file at https://doi.
org/10.3133/sir20175114. All data from Soil Climate Analysis
Network Site Crescent Lake #1 (U.S. Department of Agricul-
ture, 2016b).

Appendix 4. Low-Flow Study, Total
Streamflow Measurements

Measured (uncorrected) and corrected total streamflow
measurements, in cubic foot per second, for the low-flow mea-
surement on September 13, 2012. Also listed are the transect
reach, locations (upstream or downstream), mean time of the
measurement, and serial numbers of acoustic Doppler current
profilers. The data is available for download as a Microsoft
Excel® file at https://doi.org/10.3133/sir20175114.

For more information about this publication, contact
Director, Upper Midwest Water Science Center
U.S. Geological Survey

2280 Woodale Drive

Mounds View, MN 55112-4900
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For additional information visit https://mn.water.usgs.gov
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