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2,500,000 to 500,000 years300,000 – 130,000 years30,000 – 10,500 years  



Des Moines Lobe Surge ~15,000 Years Ago



The Prairie Pothole Region 

(PPR) covers approximately 

700,000 km2 of central 

North America.
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* fresh glacial till

* no loess cover

* bands of knob and kettle terrain

* areas of level terrain

* poor surface drainage

* natural lakes, wetlands



Fresh Basal Till - Canada



Fresh Supraglacial Till - Canada



DML Supraglacial Till

Morgan/Pilot Knob Mbr

highly variable in texture: loam, 

sand, gravel, silt.

Transmits groundwater.



DML Subglacial Till

(basal till)

Alden Member 

uniform loam texture 

higher bulk density.

Transmits little groundwater.



Water table 
aquifer in 
Okoboji area

Low permeability 
Confining bed



Glacial Landform Features of

the Great Lakes Region

Knob and kettle terrain Poorly developed drainage

Kettle lakes
Areas of level terrain



Three Corner Pond, Dickinson County               Photo by Jean Prior

* natural lakes and wetlands

Arnolds Park, Lake Okoboji, Dickinson County               photo by Timothy J. Kemmis



Watershed-Lake Interactions
surface water and groundwater 

connections

http://www.google.com/url?sa=i&rct=j&q=iowa+shallow+lakes+site&source=images&cd=&cad=rja&docid=M9i4_WD85_oNIM&tbnid=iPrih7R9uXpmeM:&ved=0CAUQjRw&url=http://www.watchablewildlifenwia.org/sites-Trumbull.htm&ei=gIYbUsGwOZD_rAGMuoHIAw&psig=AFQjCNGqiqxjHPiSnCY_SM1YmepXExAltg&ust=1377621955827640
http://www.google.com/url?sa=i&rct=j&q=iowa+shallow+lakes+site&source=images&cd=&cad=rja&docid=M9i4_WD85_oNIM&tbnid=iPrih7R9uXpmeM:&ved=0CAUQjRw&url=http://www.watchablewildlifenwia.org/sites-Trumbull.htm&ei=gIYbUsGwOZD_rAGMuoHIAw&psig=AFQjCNGqiqxjHPiSnCY_SM1YmepXExAltg&ust=1377621955827640


Lakes can be fed by 

groundwater inflow

Lakes can lose water 

by groundwater 

seepage (outflow)

Lakes can both receive and 

lose water as part of regional 

groundwater flow system

Different types of groundwater-lake Interactions



Lakes in undulating terrain can be part of series of water bodies 

where the water table intersects the land surface downslope

Lakes as part of regional groundwater flow systems



Example where wells define the hydraulic head relations around a series 

of lakes and identify groundwater flow paths



How to characterize groundwater 

inputs into a lake?

• Clear Lake approach:  
Nested wells (wells at 
different depths) next to lake

• Quantified discharge of 
groundwater into the lake at 
lake margin

• Very low N concentrations 
in groundwater at lake 
margin, variable Total P 
(not dissolved)

• Does this mean groundwater 
not important?



West Lake Okoboji 

Watershed Approach

• We used a watershed approach to 
evaluate shallow groundwater 
contributions to lake water quality

• Because groundwater conditions at 
distal locations discharge as 
baseflow into streams that feed into 
the lake

• Combined groundwater quality 
with hydrologic properties 
(recharge, flow rates) to quantify 
groundwater nutrient inputs into the 
lake



Drainage district 
tile mains 

Drainage crosses 
watershed 
divides

Numerous small 
lakes and ponds 
intersecting flow 
paths

Complicated 
groundwater flow 
system



West Lake 
Okoboji

Groundwater 
Investigation

Network of 22 water 
table wells

Purpose: 

Characterize 
groundwater nutrient 
concentrations and loads 
discharging into the lake



Well installation



Row crop 32.2%

Perennial  26.6%

Residential  9.9%

Urban  5.5%

Golf course  1.7%

Land Use



Water table fluctuations
Seasonal patterns of rainfall –
Note dry conditions

Static water 
table next to 
lake

Larger water table  
fluctuations in 
uplands



Relation of baseflow (Qb) to groundwater 

recharge (R)

R– Qb = ΔS
Over long period of time ΔS = 0 and thus R = Qb

3-year average

3.01 in or 76.5 mm



Baseflow as Recharge in West 

Lake Okoboji Watershed

Baseflow and water table 

fluctuations were significantly 

correlated at monthly scale

(r=0.73 to 0.79; p<0.05)

Supports use of baseflow to 

estimate groundwater 

recharge in the watershed

Monthly baseflow in 
Little Sioux River



Water table fluctuations –
continuous measurements

No seasonal trends

Narrow range of 

fluctuation

Indicates little 

groundwater recharge 

occurring beneath 

pavement



Groundwater nitrate concentrations in 

West Lake Okoboji watershed



Groundwater dissolved phosphorus 

concentrations in West Lake Okoboji watershed



Nitrate Load Allocation

NO3-N (mg/l) Groundwater 

recharge  (mm)

Loading rate (kg/ha) Groundwater Load (Mg) Proportion of total 

GW load (%)

Area 

(ha) 2012 2013 2014 2012 2013 2014 2012 2013 2014 2012 2013 2014 2012 2013 2014

Commercial 427 0.25 3.15 6.4 9.0 7.5 0.00 0.02 0.24 0.00 0.01 0.10 0.0 0.1 0.8

Golf Course 129 0.52 0.33 0.17 64 90 75 0.33 0.30 0.13 0.04 0.04 0.02 0.2 0.2 0.1

Perennial 2046 0.10 0.05 0.06 64 90 75 0.07 0.05 0.05 0.13 0.09 0.09 0.7 0.5 0.5

Residential 746 2.11 2.56 1.66 64 90 75 1.35 2.31 1.24 1.01 1.72 0.93 5.3 9.4 5.1

Crop 2497 11.23 7.31 6.28 64 90 75 7.19 6.58 4.71 17.95 16.43 11.75 93.8 89.8 91.2

Total
19.13 18.30 12.89

Concentration X Recharge Load per unit 
area

=

Row crop areas 
contributed ~92% of 
nitrate load to lake

X Area = Total Load

Land cover types



Phosphorus Load Allocation

P concentration 

(mg/l)

Groundwater 

recharge  (mm)

Loading rate (kg/ha) Groundwater Load (kg) Proportion of total 

GW load (%)

Commercial 0.050 0.050 6.4 9.0 7.5 0.000 0.005 0.004 0.0 1.9 1.6 0.0 0.7 0.3

Golf Course 0.053 0.037 0.053 64 90 75 0.034 0.033 0.040 4.4 4.3 5.2 1.5 1.5 1.1

Perennial 0.077 0.060 0.116 64 90 75 0.049 0.054 0.087 100.8 110.5 178.4 34.3 40.1 37.9

Residential 0.100 0.073 0.300 64 90 75 0.064 0.066 0.225 47.7 49.2 167.9 16.2 17.9 35.7

Crop 0.088 0.049 0.063 64 90 75 0.057 0.044 0.047 141.2 109.6 117.7 48.0 39.8 25.0

Total
294.1 275.5 470.7

Phosphorus loads 
more evenly 
distributed among 
different source areas



Loads during study period were 

below normal

Average recharge



N and P loads to lake from 

shallow groundwater

• Volume of lake ~146,186 ac-ft

• Mass of N delivered to lake = 16.8 Mg

• Produces concentration = 0.093 mg/l (lake = 0.12 mg/l)

• Shallow groundwater may account for ~80% of nitrate

• Mass of P delivered to lake = 347 kg

• Produces concentration = 0.0019 mg/l (lake = 0.021 mg/l)

• Shallow groundwater may account for ~10% of phosphorus



So what does this mean for nitrate loading?

• Nitrate contribution consistent with nonpoint source 

loads from row crop watersheds (92% in Raccoon River 

TMDL)

• Average nitrate concentration beneath cropped areas 

(8.8 mg/l) and annual yields (4-7 kg/ha) lower than 

expected due to drought

• Other sources less significant

• Residential areas (5-9%) due to leaky sewers, septic 

tanks, urban fertilizer

• Golf courses not important N or P sources



So what does this mean for P loading?

• P concentrations did not vary substantially and loads 

more evenly distributed among source areas 

• P concentrations typical for Iowa groundwater

• Highest beneath bioswale

Fill media may be source of P

Leached from decomposition of fill

Increase in P concentration in 

Arnolds Park bioswale associated 

with reducing conditions developing 

in groundwater



Nitrate load reduction strategies

Ongoing in 
watershed

Ongoing and 
very effective



Phosphorus load reduction strategies

• Groundwater sources more ubiquitous

• Can P concentrations in row crop groundwater get 

any lower (0.07 mg/l)?

• P loads from residential areas should be targeted –

detailed source assessment needed

• Urban BMPs should use low-P fill media

Ag-runoff likely source for most P 

delivery where traditional BMPs are 

appropriate (no-till, cover crops, land 

use change, etc)



• Surface and groundwater sources are interconnected in Iowa’s 

prairie lake systems 

• Watershed approach is useful to assess hydrology and nutrient 

inputs

• Nutrient inputs to lakes vary between N and P: Nitrate

primarily groundwater and tile drainage whereas P is 

associated with runoff

• Nutrient transport pathways into account when implementing 

of BMPs to get greatest bang for buck

Conclusions



The end…

Questions?


