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ABSTRACT  
Provide a project summary describing an overview of the project including principle findings. Include a 
statement on how the project was of benefit to corn farmers. 
 
The Minnesota River and its tributaries are the major source of sediments to Lake Pepin on the 
Mississippi River. Engstrom et al. (2009) showed that the current sedimentation rates in Lake 
Pepin are 10 times higher than the rates in 1830s and before. These authors argue that increased 
rates are partially due to increased cultivation of the basin from 1830 to 1900 (when European 
immigrants came to this area) and then increased tile drainage thereafter. Gupta et al. (2011) 
have suggested an alternative hypothesis for some of the increased sedimentation rates in Lake 
Pepin. For example, some of increased sedimentation rate in Lake Pepin may be due to increased 
precipitation in the area and some due to structural modifications of river channels. These 
structural modifications include construction of levees along the Minnesota and the Mississippi 
Rivers and their tributaries, construction of wing dams and closing dams along the Mississippi 
River, deepening of the channel by dredging, and straightening of rivers to ease barge traffic. 
The end result of these modifications is eliminating river-floodplain interactions and thus forcing 
more water and associated sediments in the channel. This study surveyed the literature including 
old documents from Army Corps of Engineer; took two sets of flood plain cores to characterize 
radionuclide, total P and heavy metals concentrations; compared old sonar data on Lake Pepin 
sedimentation with Engstrom’s data; characterized Lake Pepin sediments for exchangeable 
ammonium, total P, and heavy metal concentrations; and completed work on identification of P 
sources in the basin. There is lack of long term measurements on sediment budget and thus there 
is no consensus in the literature on the effects of river training structures on increased flow or 
sediment transport. A sediment budget study using historical records on sediment transport as 
well as what has been dredged in the past will be highly desirable. Compared to the past sonar 
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data, Engstrom et al. (2009) sedimentations rates looked reasonable, at least for the majority of 
Lake Pepin’s area. Since sonar scans are cheaper, easier (than extracting sediment cores), and 
cover large areas quickly, efforts should be made to develop and standardize this technology for 
future characterization of sedimentation rates in Lake Pepin. We found high exchangeable NH4 
concentrations in Lake Pepin sediments which could be due to particle enrichment of bank 
materials as well as some adsorption from past river pollution. The bedload and suspended 
sediment analysis for various P fractions showed that the readily adsorbed particulate P leaving 
the Minnesota River Basin and depositing in Lake Pepin may be near the background P levels. 
The work on (1) radionuclide characterization to estimate sedimentation in floodplains and (2) 
sources of exchangeable NH4 in Lake Pepin, initiated under this project, is still continuing.  
 
INTRODUCTION 
Provide background information related to the project including such item as the problem statement, 
knowledge gaps, and relevant previous work completed on this issue. 
 
Excessive sediments have been a major concern in the Minnesota River and its tributaries since 
the mid1990s. USGS studies showed that as much as 55% of the sediment load in the Minnesota 
River at Mankato is from the rivers in Greater Blue Earth River Basin. LiDAR characterization 
in 2001-2002 and 2005-2009, partially funded by Minnesota Corn and Soybean Councils, 
showed that as much as 79% of the measured suspended solids at the mouth of the Blue Earth 
and the Le Sueur Rivers may be coming from bank sloughing (Thoma et al., 2005, Kessler et al., 
2012). There are several reasons for bank slumping along these rivers which include seepage, 
freezing and thawing, wetting and drying, sapping, early spring floods, and of course regular 
scouring of the bank from river flow. Most of these processes are natural and are mainly 
controlled by the make-up of the landscape (how it was laid during the glaciation period) and the 
availability of water which is mainly from precipitation. Since 1930s, there has been a 
continuous increase in precipitation amounting to an additional 2-4 inches per year. In some 
locations such as Waseca, the increase in precipitation has been as much as 8 inches per year. In 
addition to increased precipitation, the rainfall intensities are also much higher now than in the 
past.   
 
The Minnesota River Basin is the major source of sediments to Lake Pepin on the Mississippi 
River. Engstrom et al. (2009) showed that the current sedimentation rates in Lake Pepin are 10 
times higher than the rates in 1830s and before. These authors argue that increased rates are 
partially due to increased cultivation of the basin from 1830 to 1900 (when European immigrants 
came to this area) and then increased tile drainage thereafter. Gupta et al. (2011) have suggested 
an alternative hypothesis for some of the increased sedimentation rates in Lake Pepin. The 
authors believe part of the increased rate of sedimentation in Lake Pepin is due to increased 
precipitation in the area and part due to structural modifications of river channels. These 
modifications include construction of levees along the Minnesota River and the Mississippi 
River and their tributaries, construction of wing dams and closing dams along the Mississippi 
River, deepening of the channel by dredging, and straightening of rivers to ease barge traffic. All 
of these modifications eliminate river- floodplain interactions thus forcing additional river water 
and associated sediments to move downstream to Lake Pepin. Prior to these modifications some 
of the sediments likely settled in the floodplains. The overarching goal of this study was to 
summarize the information that PI and his associates have gathered from the U.S. Army Corps of 
Engineers (USACE) and the literature. 
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OBJECTIVE AND GOAL STATEMENTS 
 
1. Summarize the information in the literature on the effects of river training structures (wing 
dams, closing dams, levees) on downstream sedimentation. 
 
2. Gather some core samples from floodplain areas and analyze them for particle size 
distribution, as well as for 210Pb and 137Cs concentration. 
 
3. Characterize Lake Pepin sediments for exchangeable NH4 concentrations. 
 
4. Complete the work on identification of P sources in the Minnesota River Basin. 
 
MATERIALS AND METHODS 
As appropriate, describe the site(s), experimental design, and other relevant methodology used in 
completing the project. 
 
The PI and his students had a series of meetings with US Army Corps of Engineers (USACE) 
personnel on old literature regarding the impact of river training structures on downstream 
sedimentation and gathered many maps on location of wing dams. The PIs also searched the 
literature for scientific studies on this subject. Core samples were taken for Cs-137 and Pb-210 
analysis from two flood plain sites: Henderson and the Minnesota Wildlife Refuge in 
Bloomington, MN. Two Lake Pepin sediment cores were also acquired for characterization of 
exchangeable NH4, heavy metals, and total P concentrations. We also gathered series of bedload 
and suspended sediments from ditches in Blue Earth County, the Blue Earth River, the LeSueur 
River and the Minnesota River for characterization of various P fractions. Details on methods of 
P characterization are given in the accompanying manuscript.  
 
RESULTS AND DISCUSSION 
 
History of locks and dams (navigation pools) 
 
History of lock and dams on the Mississippi River starts as early as 1824 when US Congress 
authorized the Army Corps of Engineers to remove snags between St. Louis, MO and New 
Orleans, LA (Pinter et al. 2004). This was followed by the River and Harbor Act of 1878 to 
develop a 4.5 feet deep channel, the River and Harbor Act of 1907 to increase the depth of the 
channel to 6 feet and the 1927 Mississippi River 9 feet Channel Project to create 9 feet deep and 
300 feet wide channel (Pinter at al., 2004). Development of both 4.5 feet and 6 feet deep channel 
was through closure of chutes, bank revetments, and channel constriction. Channel constriction 
was mainly through construction of engineering structures called wing dams, dikes or jetties. 
These structures are made of wood (trees) or stones perpendicular to the bank (Pinter et al., 
2004). Since these structures were not enough to maintain 9 feet deep channel, US Congress 
through the River and Harbor Act of 1930 authorized the building of low head navigation locks 
and dams to create slack-water pools at low flow and thus maintain minimum depth in upper 
reaches of the Mississippi River (Pinter et al., 2004). 
 



4 
 

           
 
Fig. 1a: Wing dam under construction. The wing dams consisted of alternating layers of willows 
and rocks/sand bags to a height of 6-10 feet. Fig. 1b: A picture of wing dams and closing dam at 
Pine Bend, MN. Both original pictures were taken by Henry P. Bosse of the St. Paul District of 

the Army Corps Engineers. The above images are taken from a book by Mark Neuzil 2001, View 
on the Mississippi: The photographs of Henry Peter Bosse. 

 
By the 1930s, twenty-nine low-head navigation locks and dams segmented 670 miles of the 
Upper Mississippi River (UMR) into a series of shallow reservoirs, or pools, from St. Louis, 
Missouri to Minneapolis, Minnesota.  The first one was constructed in 1917 by the United States 
Army Corps of Engineers (USACE) to address water quantity concerns upstream.   Shallow river 
depths prohibited industries from transporting goods by way of the river, particularly using 
barges.  There had been much uproar from shippers, which led the US congress to authorize 
USACE to deepen the main navigation channel to 4.5 feet, then 6 feet, and finally 9 feet.  The 
remaining locks and dams were completed by 1940 to aid commercialization and secure suitable 
depths for navigation along the entire length of the UMR.  Such structures maintain a desired 
water level by manipulating their features to withhold water from flowing to the next pool; 
however, the gates are raised for excessive flows after large storm events or for winter 
drawdowns, at which point the pools resemble open natural conditions (USACE, 1965).  By 
regulating water levels, sediment could also be retained within respective pools until high flows 
and high magnitudes transfer some of it downstream.  Questions have arisen regarding their 
impact on sediment transport, flood stages, and aquatic habitats.  Hence, studies have been 
carried out by government agencies and academic researchers alike.  Of particular interest to us 
are the sedimentation rates/trends within pools and how floodplain interactions with the river 
have changed.   
 
The USACE recognized that the canalization of the river, or the addition of locks and dams, may 
cause accretion of sediment.  The St. Paul District Engineer at the time undertook investigations 
to determine the silt-carrying capacity of the Mississippi River and its tributaries and reservoir 
sedimentation.  Since the greatest portion of sediment is carried during high flows, when dams 
are open and flow is unimpeded, the report assumed bed load movement and silt deposition on 
floodplains occurred at rates comparable to natural conditions (USACE, 1965).  Yet the Colonel 
expressed that the St. Paul District seemed to interpret any fixed dam as a silt trap.  Although he 

Closing Dam Wing Dams 
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doubted the dams or reservoirs under study were highly effective silt traps, he believed Lake 
Pepin in Pool 4 was likely acting as a silt trap due to its unique characteristics (USACE, 1965).  
Other USACE silting studies carried out on Pools 4 and 5a in the late 1940s suggested that 
deposition would be unimportant, and expected even less in pools downstream.  The soundings 
showed similarity from year to year and no real change in sediment deposition (scouring or 
silting) (USACE, 1965).  They later claimed conflicting information about Pool 4.  Research on 
the issue has continued since then, making Pool 4 one of the most studied pools in the Upper 
Midwest, and some findings prove to be inconsistent to date.  A few significant studies 
pertaining to Lake Pepin and our sedimentation concerns are briefly summarized in a section 
below.  Navigation pools further downstream have also been studied in more detail, some of 
which will be discussed in the literature review below. 
 
Chapter 5 of the Environment Design Handbook of the Upper Mississippi River System 
describes various training structures and secondary channel modifications in the Upper 
Mississippi River 
(http://www2.mvr.usace.army.mil/EMP/FY07%20EMP%20Design%20Handbook/5%20River%
20Training.pdf).  The timeline of the lock and dam construction overlaps a period of time when 
the Army Corps was modifying the Mississippi River in other ways as well.  Other commonly 
installed structures in the late 1800s were wing dams/dikes, closing dams, and levees.  Between 
1866 and 1930, hundreds of wing and closing dams were built.  In 1925 alone, the USACE 
created 93 new wing dams, 12 closing dams, 24 shore revetments and 47 wing dam extensions 
(Merritt, 1979).  The purpose of wing dams is to narrow the width of the channel in order to 
increase streamflow, thereby eroding the riverbed to maintain a deeper, navigable channel (Fig. 
2).  Closing dams reduce the amount of flow through back channels by cutting off the connection 
between small streams and outlets to the main channel (Fig. 1).  This action increases main 
channel velocities to reduce sediment deposition and keep the desired navigable depth as well 
(Abraham et al., 2006).  Levees have often served to protect land beyond the riverbanks from 
heavy floodwaters, but such structures have also been blamed for amplifying flood stages and 
causing further damage upstream and/or downstream (Pickels, 1941).  They also reduce or 
eliminate the natural river-floodplain interaction.  

 
Fig. 2: An example of series of wing dams (small black lines) along the Upper Mississippi River 

(From Army Corps of Engineers). The PIs have gathered series of these maps showing the 
location of wing dams in the upper Mississippi River. 

http://www2.mvr.usace.army.mil/EMP/FY07%20EMP%20Design%20Handbook/5%20River%20Training.pdf
http://www2.mvr.usace.army.mil/EMP/FY07%20EMP%20Design%20Handbook/5%20River%20Training.pdf
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In relation to sedimentation, it is well understood that initially sediment being carried 
downstream would accumulate and remain trapped behind wing dams i.e. being withheld from 
going downstream to areas such as Lake Pepin.  However, once the wing dams are filled, 
subsequent sediments will transport downstream to water bodies such as Lake Pepin (Fig. 3 -
schematic of the river cross section showing placement of wing dam; taken from Mittal, 2011; 
Fig. 4: Narrowing of the channel at Hugs Landing on extension of the dike; source Nicholas 
Pinter, 2016, Personal communication).  
 
 

 
 

Figure 3: A schematic of the river cross section before and after installing wing dam (Taken from 
GAO Report 2011; GAO-12-41; Mittal, A.K.). 

 

 
 

Figure 4: Cross section of the Middle Mississippi River at Hugs landing showing scouring of the 
channel with additional construction of a dike (a slide from Nicholas Pinter, personal 
communication, 2016). 
 
In the absence of levees, sediment also settles out among floodplains once floodwaters recede.  
There are series of levees along the Minnesota River such as at Montevideo (approx. 1 mile), 
Granite Falls (2.5 miles), Mankato, Henderson, and Carver (0.74 mile). There is also a levee 
along the Blue earth River in LeHiller/South Bend Township. Some of these projects are federal 

Wing dike 

Flood plain 

Bed response 
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and some are non-federal (Dana Werner, USACE, Personal Communication). Figure 5 shows 
flooding of Mankato before levee construction on the Minnesota River in 1965 (Fig. 6). With 
structural changes to the UMR, we pose the question: is more sediment currently moving 
downstream within the main channel, hence filling in Lake Pepin at a rapid rate than if the 
structures were not present, since it can no longer settle in floodplain areas?  Overall, there has 
been little research conducted looking closely at the effect of these river training structures 
specifically on sediment transport or sedimentation rates, let alone within the Upper Mississippi 
River or the Minnesota River.  A literature review of related publications is below.  One  method, 
though, to test the effect of levees on sediment transport is to extract cores from both sides of a 
given levee; by dating the sediment layers, one might be able to compare rates of sediment 
deposition.  We attempted this at two locations in the summer and fall of 2014 (see section 
below).  

 
 

Fig. 5: A picture of flooded Mankato in 1951 with the Minnesota River in the background. Other 
floods include the 1881, 1908, 1916, 1951, and 1965 (Picture acquired from the Minnesota 

Historical Society). 

 
 

Fig. 6: A picture of the levee along the Minnesota River at Mankato. 
 

A few investigators have also noted the impact of engineering structures on flood stage levels 
and discharge.  This area of research could also suggest effects on sedimentation if higher 
streamflows and stage levels are actually being observed since larger floods are more erosive, 
carry larger grain sizes, and transport larger quantities of sediment. 
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Training structures (wing dams, closure dams, levees, and navigational pools) impacts on 
hydrology (flood stages and peak flows) and sediment transport or floodplain storage.  
 
The following literature review sheds light on the limited research available on river training 
structures and attempts to discern the varied impacts, which range from increasing and/or 
decreasing flood stages, mean stages, floodplain storage, sedimentation, etc.  Few explicit 
conclusions have been drawn about wing dams, closing dams, levees and navigational pools in 
relation to their impact on sediment transport and deposition, nor rates of sedimentation, which 
are of utmost importance in this report.  While there is some consensus on a few prominent 
ideas, there remains disagreement on the concrete impacts of river modifications in the past, 
present and into the future.  
 
Chen and Simons (1986) analyzed the UMR and contrasted the effects of dikes to those of locks 
and dams.  Contrary to later studies, Chen and Simons claimed low dikes did not significantly 
alter flood stages, at least for six noted pools within the UMR.  During low flows, dikes 
constricted water and encouraged riverbed degradation.  Higher flows, however, submerged the 
dikes so that they acted as roughness factors, causing an increase in sediment deposition.  Low 
dikes were not able to restrict high flows enough to increase stages.  Areas with locks and dams 
showed a slight decrease in stages for high-flow discharges, if any change at all.  A decrease 
would have been mainly due to the inundation of large sections of floodplains, increasing the 
river width and area in which the floodwaters reach and remain inundated.   Other stated impacts 
of locks and dams included loss in river volume due to the effective trapping of sediments 
upstream of the pools, and filling in of backwaters and side-channels.   
  
Subsequent research shows a shift in findings in terms of wing dams or dikes.  For the most part 
research seems to agree that wing dams are associated with stage increases to some extent (Criss 
and Shock, 2001; Pinter et al., 2008; Huthoff et al., 2013).  By comparing the Upper Mississippi 
to the Middle Mississippi and Missouri Rivers, or reaches containing navigational pools versus 
stretches of wing dams and levees, respectively, Criss and Shock (2001) assert that wing dams 
and levees have had a more severe effect on flood stages compared to locks and dams.  Their 
evaluation of streamflow and stage records at St. Louis, downstream of the confluence of the 
Mississippi and Missouri Rivers, indicated a positive slope in the stage versus time relationship 
for all but the smallest flood discharges.  Free flowing rivers, such as the Meramec River in 
Missouri, showed no increase of stage with time, while the series of locks and dams on the Ohio 
River have not dramatically increased stages either.  In parallel with these findings are those of 
Pinter et al. (2008), which state that the “largest and most pervasive contributors to increased 
flooding on the Mississippi River system were wing dikes and related navigational structures”.  
The study suggested that wing dikes are related to increases in stages, and while they maintain 
channel depths at low flow, behavior during floods is controversial.  Levee effects were 
uncertain as well, since they usually caused local stage decreases due to confinement and 
incision, yet also have caused stage increases as a result of floodplain storage loss and reduced 
overbank flow.  Flood levels due to locks and dams were shown to be static, or even in decline 
due to inundation of floodplains.   
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Huthoff et al. (2013) study further supported some of the same conclusions through modeling for 
conditions with and without wing dikes.  Their focus was the Middle Mississippi River, where 
wing dikes are positioned on over 230 km of the shoreline.  They point out that the USACE does 
not attribute any effect of wing dams to flood levels, yet they state there is general agreement 
that wing dams lower stages during normal flow due to channel incision, and that some research 
suggests stage increases of 1-3m during high flood flows.  Their modeling verified this 
consensus, and showed the importance of considering wing dikes in flood management plans.  
Once wing dikes are filled with sediment, models also indicated an additional rise in flood 
stages.  Using specific gauge records on the Mississippi River at St. Louis, Watson et al. (2013) 
concluded that there is no evidence that dike construction increases flood stages. They did 
concede that rise in flood stage is likely related to levee building. In a GAO report, US Army 
Corps of Engineers disagrees with concerns that its river structures have led to an increase in 
river stage during high floods (Mittal, 2011).  
 
Another study that utilized computational methods was Abraham et al. (2006). Additionally, 
multi-beam bathymetric data and measurements of bed load and suspended sediment were 
resources included to study the effect of wing and closure dams on sediment transport in Pools 8 
and 13, respectively.  It is noted that most wing dams were submerged after the construction of 
locks and dams, and their original roles have been altered or have ceased.  However, wing dams, 
in conjunction with drawdowns, function as expected.  This situation allows more water to flow 
through the main channel again, thereby remobilizing sediment and increasing sediment 
transport.  The newly constructed closure dams exhibited a less clear effect.  The net result when 
comparing bathymetric surveys from different years was either scouring in the main channel, no 
discernable change, or trends of scour and then re-deposition.  The backwaters often showed net 
deposition, even though the purpose of the closure dams was to decrease sedimentation in the 
main channel without contributing to significant sedimentation in the back channel. This could 
have been due to patterns of higher precipitation in recent years. 
 
Sparks (1995) reiterates the ideas surrounding the impacts human modifications have had on 
rivers and floodplains in arguing the case for ecosystem management of large rivers and their 
floodplains.  The dams were designed to pass flow with little blockage since the gates lift, weirs 
can be overtopped and sediment is allowed to move through, under the gates. Yet Sparks points 
out that sediment trapping occurs behind upstream storage dams and lateral sediment transport 
has been interrupted by levees.  Levees have also constricted the floodplains and caused water 
levels to rise upstream, congruent with above research findings.  The flood heights in 1973, 
1982, and 1993 are believed to have been higher than they would have been before flood control 
work.  Since the constricted floodplains can’t absorb floodwaters, sediment in the water 
concentrates in non-leveed areas.  
 
Other research that considered sedimentation impacts and also analyzed the stage-discharge 
relationship was Grubaugh and Anderson (1989), who focused on lock and dam number 19.  
Initially the river width and area increased post-dams, as large areas of floodplain were 
immediately inundated, and they discovered mean water level rose by 1.36 m.  This is contrary 
to Chen and Simons (1986) whose findings state a decrease in stage level due to inundation of 
floodplains.  Grubaugh and Anderson (1989) predicted that as the pools fill with sediment, river 
volume and area will decrease and as the river becomes narrow again the flood stage-discharge 



10 
 

relationship will return to pre-dam era by the mid-21st century.  Furthermore, once pool 19 
reaches dynamic equilibrium, more suspended sediment will pass to other pools downstream.   
 
Merritt et al. (1984) noted that silting behind dams remained a problem, and that dredging was 
constantly required.  Considering that multiple publications over time have hinted at the dams’ 
ability to trap sediment, the early concerns of Army Corps personnel about silting upstream and 
the pools acting as effective traps appear valid and should have been investigated further.  At 
first it seems contradictory to the information presented by the USACE that stated dams were 
expected to behave similar to natural conditions, but that comment was made in reference to high 
flows.  During normal flow, which may still carry some sediment, dams are left shut and 
sediment is able to accumulate behind the dams.  
  
Most recently, a USGS report (Alexander et al., 2012) summarized some of the aforementioned 
publications but also highlighted a 60% decrease in annual sediment delivery to the Gulf of 
Mexico since predevelopment times. These authors attributed this reduction to dams along the 
Missouri and Arkansas Rivers, stabilized banks, conservation practices, dredging operations, and 
land accretion in wing dike fields (although these are not as effective traps today since they are 
full).  The report also asserted that there is no consistent trend of aggradation or degradation in 
the upper or middle Mississippi River.  
 
Backwaters have been studied to a limited extent as well. Theis and Knox (2003) studied the 
Bagley Bottoms in Pool 10, a region of isolated backwaters near Clayton, IA, which is only 
connected to the main channel during floods.  They found that locks and dams lengthened the 
period in which the main channel water interacts with backwaters or floodplains. This in turn 
contributed to the conversion of backwaters/floodplains to more terrestrial habitat because 
slower velocities over rough terrain increase sediment deposition.  
 
An earlier study of reference was Fremling (1976), who studied the Weaver Bottoms within Pool 
5 and documented the change in flow patterns after the installation of the nearby lock and dam.  
Following the impoundment there was a huge growth in aquatic vegetation by 1951, but 
emergent vegetation disappeared within 20 years as the area transformed into a shallow slough 
lake.  Inflow through side channels, tributaries, and breaks in the natural levee caused a decline 
in aquatic vegetation as high flows brought in large volumes of sand, destroying marsh habitat, 
while silt contributed to high turbidity and poor plant growth.  Sediment studies in 1975 (using 
Cesium-137 and a 1930-1975 hydrographic comparison) show more sediment deposition in the 
southern end, immediately upstream of the dam, whereas the upper end of Weaver Bottoms 
remained marshy.  Complex sedimentation was occurring, with some more recent scouring; the 
average rate over 70 years was 1.3 cm/yr.  
 
Rogala et al. (1996, 2003) also sought to calculate sedimentation rates in the backwaters of Pools 
4, 8, and 13.  They set up transect lines and measured changes in bed elevation over ice for four 
to five years in each study.  According to the 1996 publication, all backwaters had areas of net 
erosion and net sedimentation.  The average rate for the backwaters of Pool 4 was 0.29 cm/yr, 
although the mean rates for transects ranged from -1.89 to 2.49 cm/yr.  Few spatial variability 
patterns were noticed.  The 2003 publication found lower rates for Pool 4.  It also noted that 
annual river discharge likely drives the annual variability in sedimentation, with high flows 



11 
 

contributing to sediment accumulation in terrestrial areas because of the areas’ ability to slow 
streamflow and erosion occurring in aquatic areas as the flow re-suspends sediment and carries it 
downstream. 
 
Using the amount of sediment transported by the Missouri-Mississippi River at various locations, 
Meade and Moody (2010) estimated that about 400 million metric tons of sediment was 
transported to coastal Louisiana before 1900. However, this amount has decreased to 145 million 
metric tons per year in 20 years from 1987-2006. These authors suggested that this decrease is 
not solely due to dams but also due to other engineering activities on the river system such as 
meander cutoff, river training structures, and bank revetments, and soil erosion control measures. 
They suggested that river system is now sediment supply limited rather than transport limited.  
 
From the above literature review, one can surmise that although sedimentation rates and other 
aspects of a dynamic river system have been studied, concrete findings and the relation to river 
training structures have differed over time and across different regions.  Sediment budget studies 
like that of Keown et al. (1986), Mead and Moody (2010), Pinter et al. (2004) and Jacobson et al. 
(2009) from the Minnesota River basin to Lake Pepin will be useful to fully characterize the role 
of training structure on increased/decreased sedimentation rates to Lake Pepin especially prior to 
1900; a period when these structures were installed to deepen the channel.  Such efforts should 
include the use of historical records on sediment transport as well as what has been dredged in 
the past.   
 
Sedimentation in Lake Pepin  
 
Lake Pepin is a natural widening of the Mississippi River, located within Pool 4, characterized 
by flat slopes and very slow velocities.  These conditions contribute to the increased ability and 
likelihood for sediments to settle out in this stretch of the river.  Sedimentation in Lake Pepin has 
received a lot of attention over the past few decades.  Some well-known studies on the matter 
include those conducted by McHenry et al. (1980, 1984), Maurer et al. (1995), and Engstrom et 
al. (2009).  The methods differed somewhat between them, as well as their calculated rates of 
sedimentation.  Our objective was to see what are the underlying reasons for variation of 
sedimentation rates between studies? The senior PI knew Dr. Jerry Ritchie (Co-author of 
McHenry et al., 1980, 1984) and trusted his work. However, his estimates were different than 
Engstrom et al. (2009). Thus we were interested in seeing if various estimate scan be normalized 
and compared and sonar scan studies can be made useful (past and future) to estimate 
sedimentation rates in Lake Pepin. 
 
Initially, the USACE conducted an extensive survey of Lake Pepin’s bottom using a lead line 
weight in 1897.  There were over 100 transects and thousands of depth measurements recorded 
to the nearest 0.5 ft.  The USACE repeated the survey in 1976 for 54 of the transect lines, and 
then USGS personnel surveyed these transects once again in 1990.  The two more recent surveys 
employed a sonar method, which recorded the depth to a suspended sediment layer as well as the 
depth to the actual lake bottom.  The fact that the sonar detected this suspended sediment layer 
created doubt around whether these values would be comparable to those from 1897.    
 
Limitations realized upon further discussion with an USGS employee, include the following: 
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• Uncertain weight of lead used in 1897; 
• Suspended sediment layer exists (could alter the actual depth to sediment reading); 
• Differences in equipment used in each survey; 
• Rounding errors could lead to significant differences when calculating total 

sedimentation; volumes (individual data values recorded to the nearest  0.5 ft);  
• Datum transformations since different water surface levels were used in 1897 and 

1976/1990. 

One of the first studies looking at sedimentation rates in Lake Pepin was conducted by McHenry 
et al. in 1980.  They observed 5 ranges, each with 5 sampling sites, and analyzed sediment 
accumulation based on Cesium-137 concentrations and dating techniques.  From 1895 to 1977, 
the average accumulation in the upstream range was roughly 180 cm, while downstream was 
about 130 cm.  Overall, this equated to between 2.2 and 1.6 cm of sediment accretion per year in 
the upper and lower portions of Lake Pepin, respectively.  
 
The initial Army Corps survey was utilized by Maurer et al. (1995) in calculating a 
sedimentation rate between 1897 and 1986.  Similar to the 1897 survey, over 100 shore-to-shore 
transects were established perpendicular to flow; alternatively, a fathometer, or an echo sounding 
system, traced the lake bottom and determined depths at evenly spaced intervals.  Maurer et al. 
(1995) estimated the difference in the lake’s volume between the two years to be 141 million 
cubic meters.  This equates to a 21% volume loss due to sediment deposition since 1897, with 
more sediment settling in upper Lake Pepin.  Based on information provided, we computed the 
average sedimentation rate in a manner similar to McHenry et al. and over the span of 89 years it 
appeared to be about 1.5 cm per year.   
 
Most recently, Engstrom et al. (2009) conducted a similar study with 5 transects and extracted 5 
cores along each transect to characterize five different zones of Lake Pepin.  However, the study 
calculated the lake’s volume in 1890 to be over 50 million cubic meters less than Maurer’s 
calculations (or about 0.5 m shallower overall).  Using a handful of different techniques from 
magnetic susceptibility to pollen analysis to Lead-210, the sediment core profiles were dated.  
Sedimentation rates in this study suggest that Lake Pepin is infilling at a rate 10x faster than 
before European settlement and has lost roughly 17% of its volume since 1830.  On average, we 
calculated that 0.80 cm of sediment has deposited per year since 1890. Engstrom et al. (2009) 
state a recent rate of 1.6 cm/yr over the entire basin in the 1990s.  It is important to consider the 
limited dataset of 25 cores, which are subject to extrapolation errors, compared to the 100+ 
transects surveyed previously through other methods.  
 
Our work began with reviewing the original 1897 map and survey data received from the 
USACE.  These depth readings were digitized using ArcGIS.  Furthermore, the 1976 transect 
readings were also digitized and USGS personnel offered the 1990 survey points as a shapefile 
ready to be imported into ArcMap.  All files retrieved online or received from personnel have 
been projected in the same geographic coordinate system (NAD1927 UTM Zone 15N).  It has 
proved difficult to re-calculate sedimentation rates based on differences in depth readings alone 
due to the limitations posed above.  We have questioned whether to compare averages (or 
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geometric mean) along transects or to compare rates upstream and downstream, etc.  Meanwhile, 
we have considered variability issues as well. Using ArcMap and Excel, we looked at variability 
among depth readings and sedimentation rates within and across the five zones that Engstrom et 
al. (2009) delineated.  The five zones were further divided into 25 regions, each encompassing a 
core from Engstrom’s work.  Then, survey data points from 1897, 1976 and 1990 were selected 
based on location within the 25 regions and their minimum, maximum, mean and standard 
deviation values were analyzed.  Variability in sedimentation across the cores in each zone was 
fairly low (data interpreted from magnetic susceptibility figure in Engstrom et al., 2009).  
Variability in survey depth readings, however, was more obvious in the first and fifth 
(edge/shoreline regions) in each major zone.  This is likely due to these readings representing the 
changing slope of the riverbed.  The middle three regions were often less variable, illustrating the 
uniformity of the river basin.  This information suggests that the extrapolation method 
(extrapolating the sedimentation rates from each core to the entire area of the zones) used by 
Engstrom et al. may be reasonable, at least for the majority of Lake Pepin’s area.  Zones 2 and 5 
are less reliable and showed more variability in survey readings in each of the five regions 
overall.  This could be improved perhaps if the smaller regions were delineated more accurately.   
 

  
 

Figure 7: Comparison of sedimentation (loss of water depth) in Lake Pepin between estimates for 
93 yrs (1987-1990) from Maurer et al. and for 136 years (1860-1996) from Engstrom.  

 

 
 

Figure 8: Comparison of sedimentation (loss of water depth) in Lake Pepin between estimates for 
1897 in Maurer et al. (1897) and 1895 in Engstrom et al. 
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Figure 8: Comparison of sedimentation (loss of water depth) in Lake Pepin for 1895-1977 from 
McHenry et al. and for 1895-1960s from Engstrom et al. 

 

 
 

Figure 9: Comparison of sedimentation (loss of water depth) in Lake Pepin between estimates for 
1895-1977 from McHenry et al. and for 1895-1960s from Engstrom et al. at various soil core 

transects. 
 

Since it has been over 20 years from the last time Lake Pepin was surveyed, we contacted 
USACE on the possibility of conducting another sonar survey. USACE had recently bought a 
multi-beam sonar boat and we were excited that the data from this survey can be used to make 
corrections for the lead line weight and suspended sediment layer seen by sonar and try to bring 
all previous sonar survey to same standard. Initially, USACE was very positive and were willing 
to do the survey. However, over time USACE kept making excuses and no sonar survey was 
conducted. The authors strongly suggest conducting multi-beam sonar survey of Lake Pepin in 
future for the purpose of recording spatial variability in sediment deposition and to make earlier 
sonar survey useful through accounting of lead line weight as well as reference water levels. 
Since sonar scans are cheaper, easier (than extracting sediment cores), and cover large areas 
quickly, efforts should also be made to develop and standardize this technology for future 
characterization of sedimentation rates in Lake Pepin. 
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Dredging records should be investigated further as well.  Based on USACE correspondence, it 
appears that dredging operations occurred in the 1930s and 1940s, as necessary for navigation; 
however, with deposition and dredging happening concurrently, the measured storage within 
Pepin itself changed very little (USACE, 1965).  It would be interesting to know how often this 
occurred, where within Lake Pepin it occurred, and where the dredge spoils were taken.  Merritt 
(1984) explained that spoils were stockpiled and used on icy roads, placed on beaches, used to 
restore eroded shorelines.  The most economical options were wetlands or shoreland near site, 
which meant the material likely, ended up back in the channel.  These practices ended because 
valuable habitat was being damaged, including backwaters, side channels and sloughs.  
 
Levee Effect (Cesium-137 and Lead-210 analysis on Floodplains) 
 
Floodplains are known to accumulate sediment each year.  Floodwaters with tremendous 
magnitudes have the ability to carry sediment, and as waters recede, particles stay behind.  This 
process occurs naturally unless obstructed by manmade alterations to the river.  It is 
hypothesized that river training structures and flood prevention measures have significantly 
changed the manner in which floodwaters and the sediments they carry behave.  One of the 
major modifications resulting from river training structures such as wing dams, closing dams, 
and levees will likely be a change in natural river-floodplain interactions.   
 
Lead-210 and Cesium-137 are two of the most popular radionuclides used in the past to date 
sediments.  By dating the sediment layers using Cs-137 and Pb-210, one might be able to tell 
whether rates have been reduced since the installation of river training and flood prevention 
structures. Cesium-137, a fallout product of nuclear testing, will show up in sediment profiles 
starting in year 1954.  The highest concentration of Cs-137 will correlate with peak fallout in 
1963.  There should be little movement of Cs-137 within sediment profiles as it tends to adsorb 
to clay particles within sediment and soil.  DeLaune et al. (1978) used Cs-137 to study accretion 
rates in salt marshes in Louisiana.  These authors took a set of two cores 5 m apart from each 
other at 7 m and 45 m from a stream; the third set was taken from within a shallow lake.  
Analysis of the cores nearest to the stream indicated rapid accretion, with rates of 1.35 cm/yr, 
while the inland marsh showed lower rates of 0.75 cm/yr and the adjacent lake had rates of 1.1 
cm/yr.   
 
One of the objectives of this project was to do some preliminary analysis of Cs-137 and Pb-210 
in floodplain samples and see if this analysis can be used to characterize sedimentation rates as 
influenced by river modifications. The underlying hypothesis was to compare radionuclide 
concentrations between floodplain and an undisturbed upland reference soil nearby.  To address 
this objective, we took two sets of core samples and have them analyzed for Cs-137 and Pb-210. 
The two areas were the floodplain areas along the Minnesota River at Henderson and in the 
Minnesota National Wildlife Refuge Area near Fort Snelling.  The Minnesota River runs by the 
city of Henderson, MN and experienced large flood events in the past.  In the mid-1960s, a levee 
was built to protect the city from further flood damage.  This structure limits the flow of 
floodwaters, the extent of land that they reach, and hence the sediment that can be deposited.  
With the help of a local SWCD employee, very knowledgeable of the history and topology of the 
area, we identified two comparable sampling locations.  The first was in the backwaters on the 
south side of the river, approximately 100 feet from the river’s edge and within the city’s levee.  
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The second was beyond the levee on the north side of the river in Henderson Bender Park.  We 
collected samples from a vertical profile about every 2-3 inches or based on distinctive layers.  
Samples were dried, ground and sieved (2mm) and sent for Cesium-137 and Lead-210 analysis 
in Arizona. Additionally, samples were sent to the University of Wisconsin, Madison for TP 
analysis and a range of trace metal concentrations.  The latter analysis was done to explore the 
possibility of using heavy metals as tracers. In other words, we are perusing the history of 
industrial pollution upstream of these two sites (city of Mankato) as a way to explore effect of 
levee or other training structures on downstream sedimentation rates.  Balogh et al. (2009) 
characterized trace metals in Lake Pepin sediments and clearly showed how industrial pollution 
changed over time upstream of Lake Pepin.  Similar to total phosphorus behavior in Lake Pepin 
sediments (Engstrom et al., 2009), peaks in the heavy metal concentration in Lake Pepin 
sediment also occurred around 1970s.   
 
Figures 10 show the distribution of Cs-137 and Pb-210 in the floodplain and in Bender Park soil 
at Henderson, MN. Some of the differences between the two sampling sites appear to be related 
to particle size distribution (Figures 11). Figures 12 show the distribution of other potential 
tracers such as total P, Cu and Zn between the two sampling locations at Henderson. Again some 
of the differences between the two appear to be related to differences in particle size distribution. 
We have been looking for methods to normalize the data and take out differences due to particle 
size distribution but have not been successful yet.  We are planning to continue exploring ways 
to normalize this data and see if there are any differences in floodplain sedimentation rate due to 
upstream levees in Mankato and Henderson.  
 
The second sampling site was another floodplain area further downstream on the Minnesota 
River, in Bloomington, MN. The site was within the Minnesota National Wildlife Refuge Area, 
where little human disturbance has occurred.  At this site, we gathered two sediment cores as 
well as one core from an upland area.  All cores were extracted to depth of about 6 feet using a 2 
inch diameter steel tube on a Giddings probe (Fig. 13). The sediment cores were about 100 yards 
from each other. The upland site was about 100 feet down from the road and would not have 
been flooded at least since the European settlements. The individual samples were taken from the 
core every 4 to 6 inches or based on noticeable changes in color or texture.   
 
Figure 14 shows the distribution of Cs-137 and Pb-210 in two floodplain cores and one upland 
core. Much of the radionuclides in these cores are concentrated in the top 20 cm. Figure 15 show 
the corresponding particle size distribution. Three is not much difference in particle size 
distribution between the floodplain cores but there is much difference between upland and 
floodplain samples. Cs-137 activity and clay distribution suggest that top 20 cm or so might be 
recent sediments whereas below 20 cm depth, sediments may be older sediments. Like at the 
Henderson site, we need to further explore ways to normalize this data and see if this can be used 
to decipher sedimentation rates in the Minnesota Wildlife Refuge floodplain. Figures 16 show 
the distribution of Cu, Zn, and total P in two sediment cores and one upland core. 
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Figures 10: Cs-137 and Pb-210 distribution with depth in two profiles in a floodplain area and at Bender Park, Henderson. 
 

      
 
Figure 11: Particle size distribution in two profiles in a floodplain area and at Bender Park, Henderson. 
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Figure 12: Total P, Cu, and Zn distribution with depth in two profiles in a floodplain area and at Bender Park, Henderson. 
 
 

    
 

Figure 13: Sampling of sediment samples at the Minnesota Wildlife refuge in Bloomington, MN 
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Figure 14: Cs-137 and Pb-210 concentration distribution in two floodplain cores and one upland core at the Minnesota Wild Life 
Refuge in Bloomington, MN. 
 
 

      
 
Figure 15: Particle size distribution in two floodplain cores and one upland core at the Minnesota Wild Life Refuge in Bloomington, 
MN. 
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Figures 16: Total P, Cu and Zn distribution in two floodplain cores and one upland core at the MN Wild Life Refuge in Bloomington, 
MN. 
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Lake Pepin Cores 
 
In this study, we also acquired samples from two Lake Pepin cores. This was mainly to assess 
the distribution of NH4, heavy metals and total P concentrations in Lake Pepin sediments. Based 
on a simulation model, recently Foufoula- Georgiou et al. (2015) suggested that fresh water 
mussel population in the Minnesota River Basin is largely affected by sediment concentrations. 
These authors further suggested that increased river flow as a result of tile drainage is 
responsible for increased sediment concentrations (increased bank sloughing) and in turn leading 
to a decrease in freshwater mussel population in the Minnesota River and its tributaries. 
However, as far back as 1835, these rivers were muddy and there were plenty of mussels 
(Featherstonhaugh, 1847). Also, clam harvesting was quiet common in late 1800s and early 
1900s (CLAM DIGGING AT NEW ULM, MINN-Musser et al., 2009; Mussel History of the 
Upper Mississippi River-1837-Present; 
http://www.fws.gov/midwest/mussel/multimedia/mussel_timeline.html). Furthermore, the 
literature suggests that the native mussel population (especially mussel larvae) is highly impacted 
by ammonia concentration [Newton, 2003; Newton et al., 2003; and many other papers by this 
author]. Much of the ammonia in these rivers came from dumping of raw sewage (prior to 
1930s), waste water discharge from treatment plants (after 1930s) and/or industrial waste 
[FWPCA, 1966]. We wanted to analyze Lake Pepin sediments to assess if there are any traces of 
past NH4 on the sediment exchange complex. Figure 17 shows such a distribution of NH4 in two 
cores. The concentrations are generally around 20 mg/kg however in one core NH4 
concentrations are as high as 192 mg/kg of sediments. We are exploring to see why NH4 
concentrations are so high. We also analyzed these samples for heavy metals (Figure 18). 
Presence of heavy metals is an indication of past environmental pollution in Lake Pepin and 
upstream rivers. We have compared these analyses with Balogh et al. (2009) and these 
concentrations are comparable. We are looking into procedures to use these concentrations and 
convert depth of sediment samples to timing of sediment settling. Furthermore, we are running 
NH4 adsorption curves to see if there is a way to simulate NH4 concentrations in Lake Pepin 
sediments using the concepts of particle enrichment of river bank materials and subsequently 
NH4 adsorption from river water as they are tumbling downstream.  
 
This above data provides background information for further exploring if bank materials were 
picking up NH4 from sewage and industrial waste dumped in various rivers of the upper 
Midwest. This mechanism will be similar to that of P adsorption by bank materials during their 
transport from the Minnesota River Basin to Lake Pepin (Grundtner et al., 2014). Waste water 
analysis in 1966 showed effluent NH4 concentration to vary from 5.0 mg/L to 13.8 mg/L with an 
average of 11.2 mg/L (FWPCA, 1966). 
 
 
 
 

http://www.fws.gov/midwest/mussel/multimedia/mussel_timeline.html
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Figure 17: NH4 concentration distribution in two Lake Pepin cores. 
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Figure 18: Total P and heavy metal distribution in two Lake Pepin cores
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P Sources in the Minnesota River Basin 
 
In 2014, another objective was added to complete the work on our project “Partitioning of P 
sources in the Minnesota River Basin”. We have completed that work and put together a 
manuscript. A copy is attached.  
 
Briefly, that research evaluated if particulate P properties of bedload (Fig. 19) and suspended 
(Fig. 20) sediments can be used to identify stretches of waterways that may be contributing high 
P levels to the lower Minnesota River. Properties analyzed were particle size distribution, total P, 
and P fractions in bulk and fine sediments. Results showed isolated Waste Water Treatment 
Plants and possibly agricultural lands are discharging soluble P to waterways in the Minnesota 
River Basin. Total P concentrations of suspended sediments were nearly constant (~0.8 mg g-1) 
and similar to the concentrations recorded in Lake Pepin sediments and also predicted from 
enrichment of bank materials. Loosely bound P and Fe-bound P (readily adsorbed P fractions) 
concentrations of these suspended sediments were also relatively constant with distance thus 
suggesting that readily adsorbed particulate P leaving the Minnesota River Basin and moving 
downstream to Lake Pepin is likely near the background P level. Calcium-bound P 
concentrations of suspended sediments or silt and clay fractions of the bedload sediments did not 
change much with distance thus supporting the hypothesis that naturally occurring apatite in the 
parent material is its dominant source. This also explains the constant level of calcium-bound P 
found in Lake Pepin sediments since 1400s. If these finding holds over much of the Minnesota 
River Basin over several weather cycles, this suggests that a major reduction in P contributions 
to Lake Pepin will only be through control of sediments from sloughing banks. 
 

 
Figure 19: Collection of bedload sediments along the Minnesota River at fort Snelling.  
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Figure 20: Collection of suspended sediments from one of the rivers in the Minnesota River 
Basin. 

 
 
CONCLUSIONS 
 
1. Few explicit conclusions have been drawn about wing dams, closing dams, levees and 
navigational pools in relation to their impact on sediment transport and deposition, or the rates of 
sedimentation. General consensus may be that under low flow, dikes constrict water and 
encourage riverbed degradation but under high flow, submerged dikes may increase roughness 
factor causing an increased sediment deposition. This would suggest that prior to 1900 (low 
flow), river training structures such as wing dams and closing dams may have facilitated more 
sediments to downstream waterbodies like Lake Pepin. 
 
2. Sediment budget studies will be useful to fully characterize the role of training structure on 
increased/decreased sedimentation rates to Lake Pepin.  Such efforts should include the use of 
historical records on sediment transport as well as what has been dredged in the past. 
 
3. Compared to Sonar survey, Engstrom et al. (2009) sedimentations rates look reasonable, at 
least for the majority of Lake Pepin’s area.   Survey reading showed more variability in Zones 2 
and 5 and estimates from survey readings perhaps could be improved if the smaller regions were 
delineated more accurately.   
 
4. Two sets of cores were taken from flood plains areas and radionuclide measurements were 
made. Because of the differences in particle size distribution, we are still working to explore 
methods on normalizing for particle differences and then assess changes in rates of 
sedimentation.   
 
5. Lake Pepin sediments were characterized for exchangeable NH4. These concentrations are 
higher than those of bank materials. We are exploring methods to see if these high concentrations 
are due to NH4 adsorption from past pollution in rivers.  
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6. Bedload and suspended sediments showed that isolated Waste Water Treatment Plants and 
possibly agricultural lands are still discharging soluble P to waterways in the Minnesota River 
Basin. However, total P concentrations of suspended sediments were nearly constant (~0.8 mg g-

1) and similar to the concentrations recorded in Lake Pepin sediments and also predicted from 
enrichment of bank materials. We are concluding that readily adsorbed particulate P leaving the 
Minnesota River Basin and moving downstream to Lake Pepin may be near the background P 
level. 
 
EDUCATION, OUTREACH, AND PUBLICATIONS 
Identify conferences, workshops, field days etc. at which project results were presented. Include number 
of farmers estimated to be present. List articles and/or manuscripts in which project results were 
published. 
 

1. Grundtner, A.L., S.C. Gupta, P.R. Bloom. 2014. River bank materials as a source and as 
carrier of phosphorus. J. Environ. Qual. 43:1991-2001. 
 

2. American Society of Agronomy, Soil Science Society of America, and Crop Science 
Society of America released a news release on our paper “River bank materials as a 
source and as carrier of phosphorus” in JEQ.   

 https://www.agronomy.org/news/media-inquiries/releases/2014/1111/649 

 https://www.crops.org/news/media-inquiries/releases/2014/1111/649 

https://www.soils.org/newsroom/releases/2014/1111/649 
 
The news release was extracted from the story ASA commissioned a professional writer 
(Ken Doyle) to write based on our paper and interviews. 
 

  Tracing the course of phosphorus pollution in Lake Pepin 

https://www.agronomy.org/science-news/tracing-course-phosphorus-pollution-lake-pepin 

https://www.crops.org/science-news/tracing-course-phosphorus-pollution-lake-pepin 

https://www.soils.org/discover-soils/story/tracing-course-phosphorus-pollution-lake-pepin 

Subsequently this story has appeared in various web sites around the World. A few of 
these web sites are as follows: 

 http://www.sciencenewsline.com/articles/2014111119410012.html 

 http://www.azocleantech.com/news.aspx?newsID=21011 

 http://www.wateronline.com/doc/tracing-course-phosphorus-pollution-lake-pepin-0001 

 http://www.usagnet.com/state_headlines/state_story.php?tble=MN2014&ID=1083 

 http://www.sciencecodex.com/tracing_the_course_of_phosphorus_pollution_in_lake_pepin-145334 

https://www.agronomy.org/news/media-inquiries/releases/2014/1111/649
https://www.crops.org/news/media-inquiries/releases/2014/1111/649
https://www.soils.org/newsroom/releases/2014/1111/649
https://www.agronomy.org/science-news/tracing-course-phosphorus-pollution-lake-pepin
https://www.crops.org/science-news/tracing-course-phosphorus-pollution-lake-pepin
https://www.soils.org/discover-soils/story/tracing-course-phosphorus-pollution-lake-pepin
http://www.sciencenewsline.com/articles/2014111119410012.html
http://www.azocleantech.com/news.aspx?newsID=21011
http://www.wateronline.com/doc/tracing-course-phosphorus-pollution-lake-pepin-0001
http://www.usagnet.com/state_headlines/state_story.php?tble=MN2014&ID=1083
http://www.sciencecodex.com/tracing_the_course_of_phosphorus_pollution_in_lake_pepin-145334
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 http://esciencenews.com/sources/newswise.scinews/2014/11/11/tracing.course.phosphorus.pollution.lake.pepin 

http://www.sciencedaily.com/releases/2014/11/141111123733.htm?utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+sci
encedaily+%28Latest+Science+News+--+ScienceDaily%29 

 http://w2.technobahn.com/articles/2014111119410012.html 

 http://phys.org/news/2014-11-phosphorus-pollution-lake-pepin.html 

 http://econewstoday.com/2014/11/tracing-the-course-of-phosphorus-pollution-in-lake-pepin/ 

 https://www.certifiedcropadviser.org/science-news/tracing-course-phosphorus-pollution-lake-pepin 

 http://mrsjavidapes.edublogs.org/2014/11/18/water-pollution-more-than-meets-the-eye/ 

 http://www.viralnewschart.com/ShowLink.aspx?linkId=77122196 

 Alberta Farmer Express: Page 28 

 http://www.agcanada.com/wp-content/uploads/2014/11/AFE141124.pdf 

 Agri-News 27 November 2014 

 Grundtner finds big reason for phosphorus in Lake Pepin 

 Chad Smith Blog: 

 Lake Pepin phosphorous study vindicates Ag 
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