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Introduction  



Eutrophication  

Cause:  

● Phosphorus , 
         in freshwaters  

Canadian Geographic 



Eutrophication  

Effects:  

● Harmful a lgal 
blooms  (HABS) 

● Reduced 
transparency 

● Oxygen depletion 

https :/ / news .nationalgeographic.com/ news / 2014/ 08/ 140804-harmful-algal-bloom-lake-erie-climate-change-s cience/  



Phosphorus Provenance  

● Point sources , 
         municipal/ indus tria l 

● Nonpoint sources , 
         agricultura l runoff 

https://www.suncommunitynews.com 

Eutrophication 



Management 

Eutrophication 



Project Outl ine 



Mona Lake 

● Approached by an MTU alumnus from 
the Mona Lake area seeking to support 
a graduate student in surface water 
quality engineering 

http:/ /photography-plus.com/website/FullPic.aspx?picID=191 



Mona Lake 

● Early experience with Mona Lake and 
the Muskegon County wastewater 
effluent land application site 

Muskegon Chronicle file photo 



Mona Lake 

● Awareness of persisting water 
quality problems following 
diversion to land application site 

Mona Lake harmful algal bloom observed in 2017. 

Someone showed me a picture and I just laughed 
Recovery never been photographed. 
   Bob Dylan, Dignity 



“Lakes function as watershed settling 
bas ins  in which man’s  pas t and 
pres ent impacts  are recorded.” 

 
Dr. Steve Chapra, Tufts University 
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“Lakes function as watershed settling 
bas ins  in which man’s  pas t and 
pres ent impacts  are recorded.” 

 
Dr. Steve Chapra, Tufts University 

Sins of the mothers and fathers 

Mona Lake 



Project Objectives   

• Apply th e m odel in  evaluatin g th e efficacy of 
m an agem en t action s  

• Develop a mass balance model for phosphorus and 
mani festat ions of eutrophication 

 

• Col lect field data to update water qual i ty 
condi t ions and provide input for model ing 

Perform an engineering analysis of Mona Lake support ing development 
of management actions providing rel ief from symptoms of eutrophication 



How Do Lakes  Work?  



Thermal Structure (com pletely-m ixed) 

T °C Spring and Fall 



Thermal Structure (s tra tified) 

Epilimnion 
(warm, well mixed) 

Metalimnion 
(changing with depth) 

Hypolimnion 
(cold, well mixed) 

Summer 



Biological Processes (decomposi t ion) 

Epilimnion 

Metalimnion 

Hypolimnion 

Summer oxygen 

Lake Sediments 
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wind shear 



Chemical Processes (phosphorus release) 
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Mixing Processes (entrainment) 

Sediment Phosphorus Release 
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Mixing Processes (intrusion) 

Epilimnion 

Metalimnion 

Hypolimnion 

Summer 

LAKE MICHIGAN INTRUSION 

Sediment Oxygen Demand 

wind shear 



How Do Lakes  Work?   

http:/ / www.miseagrant.umich.edu/ lessons/ files/ 2013/ 05/ 13-407-Water-Temperature-Illustration.jpg 

● Thermal Structure 
○ completely-mixed s pring and fall 
○ thermally  s tratified in s ummer 
○ limited vertical mas s  trans port 

● Biological Proces s es  
○ decompos ition 
○ oxygen depletion 

● Chemical Proces s es  
○ convers ion of ferric to ferrous  iron 
○ s ediment phos phorus  releas e 

● Thermal Structure 
○ entrainment 
○ entrained P s timulates  algal growth 

 

 



Approach for  
Mon a Lake  



Study Si te Descript ion  

● Length: 6.5 km, average width: 0.5 km 

● Mean and maximum depths of 4.5 
and 10.0 m 

● Lake is oriented east-west and 
influenced by prevailing westerlies 

● Retention time of 105 to 160 days 
during low flows, less than 35 days 
during high flows 

● Tributaries: ~90 percent of the 
hydrologic and mass loading is 
received at the east end  



Mona Lake –  Meth ods  

 

 

Modeling 

𝑉 ∙
𝑑𝑑
𝑑𝑑

= W − Q ∙ 𝐶 − 𝑉 ∙ 𝑘 ∙ 𝐶 

Monitoring 



Tributary Moni toring Methods – Tributaries  

Flow: event-triggered sampling 
 

 
 
 
 
 
 

Chemistry: phosphorus series 
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Lake Mon itorin g Meth ods  

● 5 Stations 
○ generally surface and bottom 

 
● Bi-Weekly Sampling 

■ phosphorus series 
■ chlorophyll 
■ nitrate 
■ Secchi disk 
■ Sonde 

● temperature 
● oxygen 
● conductivity 

Mona Lake 



Tributary Mon itorin g 
(h ydrologic an d ph osph orus  loads ) 



Tributary Flow  
  Measurem en ts  



Flow Moni toring 
 Validated correla tion  
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Flow Moni toring 
 Results , s eason al flows , sum  of tribs  
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Hydraulic Residence Time –  Mona Lake 

  Winter/Spring τ  (days) 

January-June 

Summer τ  (days) 

June-September 

  

Annual τ  (days) 

  

2017 35  141 55 

2018 37 103 44* 

Flow Moni toring 
 Results, residence t ime 



Load Moni toring 
 C/Q rela tion sh ips , th eory 𝑊 = 𝐶 ∙ 𝑄 
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Load Moni toring 
 Con cen tra tion  m easurem en ts  
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R² = 0.0076 

R² = 0.0256 
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Load Calculat ion  
 C/Q rela tion sh ips  



Load Calculat ion  
 2017-2018 
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Total Phosphorus External Loading 
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Load Calculat ion 
 10-year series 



Black Creek 
73% 

Little Black 
Creek 
13% 

Cress Creek 
4% 

Ellis Drain 
4% 

Other Tribs 
6% 

10-Year Daily External TP Load 

Load Calculat ion  
 Tributary con tribution s  



Tributary Management Insights 
 Black  Creek  –  Celery Fla ts  
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Prior to discharge restriction, Steinman & Ogdahl (2011) determined that Black Creek SRP and TP 
concentrations increased by 1.6 and 2.6 times, respectively, upstream and downstream of the celery flats. 



Tributary Management Insights 
 Litt le  Black  Creek  



Lake Mon itorin g 
(Tem perature, Oxygen , Ph osph orus ) 



Lake Moni toring –  Tran sport , In trus ion  

● Intrusion Detection 
 






Lake Moni toring –  Tran sport , In trus ion  
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Lake Moni toring –  Tran sport , In trus ion  
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Lake Moni toring –  Spatiotem pora l Results  

EAST 
MID 

WEST 



East –  Tem pera ture an d Oxygen  

Photosynthesis Ephemeral 
Hypoxia 



Mid –  Tem pera ture an d Oxygen  

Anoxia 

Photosynthesis 



Deep –  Tem pera ture an d Oxygen  

Anoxia 

Photosynthesis 



Lake Moni toring - En tra in m en t 
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Lake Moni toring - En tra in m en t 
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Lake Moni toring –  Ph osph orus , Epilim n ion  
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Lake Moni toring –  Ph osph orus , Hypolim n ion  
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Lake Moni toring –  Ph osph orus  & Ch loroph yll 
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Spatiotemporal - Ph osph orus  
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Screening Models 



Screening Models  



Screening Models  

Pre- and Post-Diversion 

Wastewater diversion reduced the external 
phosphorus loading to Mona Lake by 75-80 
percent from 1972 (pre-diversion) to 1981 
(post-diversion) with intermediate conditions 
accompanying the transition.   
 
The screening model (Chapra and 
Tarapchak 1976), based on external loads  
predicts that trophic state would change 
from hypereutrophic (pre-diversion) to 
mesotrophy (post-diversion).  
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Screening Models  

Contemporary Update 

Screening model-predicted trophic state 
conditions today, based on external loads,  
are little different from those in the 
immediate post-diversion interval (1981) 
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Screening Models  
     But … Wait …  



Screening Models 
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Screening Models 
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Biokinetic Model  



Biokinetic Model  

● LAKE2K, Chapra and Martin (2004)  

● 1-dimensional, 3-layer, vertical mass 
transport  

● Thermal regime inputs 

● Nutrient-phytoplankton dynamics 

● Water balance, heat balance, mass 
balance 

 
 



Biokinetic Model –  Tem pera ture Subm odel 



Biokinetic Model –  Oxygen  Subm odel 

Sediment

Epilimnion

Metalimnion

Hypolimnion

reaeration

sediment demand

turbulent diffusion



Biokinetic Model –  Ph osph orus  Subm odel 

Process  POP  DOP SRP Phyto-P 

tributary load source source source - 

sediment release - - source - 

phytoplankton uptake - - sink source 

POP dissolution sink source - - 

DOP hydrolysis - sink source - 

settling sink - - sink 



Biokinetic Model –  Ph ytoplan kton  Subm odel 



Modeling 
Perform an ce Tes tin g 



Biokinetic Model –  Tem pera ture 
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Biokinetic Model –  Oxygen  
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Biokinetic Model –  Ph osph orus  
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Biokinetic Model –  Ph osph orus  
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Biokinetic Model –  Ph ytoplan kton  
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Modeling 
Man agem en t Applica tion  



Management Scen arios  

1. ONLY External Loading Reduction 
 (10, 25, 50, 75 percent external load reductions; internal load unchanged) 
 
2. ONLY Internal Loading Treatment 
 (100 percent internal load reduction) 
 
3. Combination 
 (10 and 25 percent external load reductions, 100 percent internal load reduction) 



External (Watershed) Load Reduction s  

● Target trophic state 
       achieved only with 
       50 and 75% reductions 
       in external phosphorus 
       load. 
 
● All case have fall rebound 

(sediment influence) 
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Internal (Sediment) Load Reduction s  

● Sediment treatment 
       (zero phosphorus 
       release) 

 
● Responds to spring  
       external loads, but 
       eliminates fall rebound 
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Combination Reductions 

● Sediment treatment (zero 
       phosphorus release) 
       PLUS 10 and 25% reduction 
       in external load 
 
● Combo 25 case predicts 
       mesotrophy with a margin 
       of safety 
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Treatment Methods 



Treatment Methods - Ph ys ica l 

Artificial destratification 
 

 
Hypolimnetic aeration 
 

http://content.cdlib.org/view?docId=kt8p3006bz&brand=calisphere&doc.view=entire_text 



Treatment Methods - Ch em ical 

● Sediment Oxidation  
 

● Aluminum salts 
 
● Ionic bentonite clay 

https://www.sepro.com/aquatics/phoslock 



Treatment Methods –  Areal Applica tion  



Summary 



Summary of Observations  

● Trophic state is controlled by external loading in late spring and early summer and by 
internal loading from mid-summer to fall. 

● Wastewater diversion and land application have brought external loads to a point 
nearing the desired trophic state condition.  

● Decades of excessive phosphorus load have left legacy deposits of organic matter 
and phosphorus which drive oxygen depletion and sediment phosphorus release. 

● Wind-driven entrainment events transport phosphorus released from the sediments 
to the warm, well-lit surface waters, stimulating harmful algal blooms (HABs) in late 
summer and fall. 



Priori t izat ion of Management Actions 

1) Eliminate internal phosphorus loads by implementing physical and/or chemical 
methods of blocking sediment phosphorus release. 

2) Explore and, as possible, eliminate the local elevated input of soluble reactive 
phosphorus in Little Black Creek.  This as a contribution to the desired 25% reduction 
in external phosphorus loads. 

3) Establish a program of best management practices contributing to achievement of 
the desired 25% reduction in external phosphorus loads. 
 



Recommendations for Future Study 

 

 

 

 

 

1) Establish flow measurement and total phosphorus monitoring on the Celery Flats 
discharges to confirm the efficacy of flow restrictor installation. 

2) Examine inputs from wastewater effluent land application to consider the potential 
for soil phosphorus saturation and attendant pass through to Black Creek. 

3) Expand monitoring of Lake Michigan intrusion frequency and extent as having a 
potential impact on remediation technologies. 

4) Engage in proof of concept testing of sediment phosphorus release controls. 

 



Questions? 



NALMS 
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