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Corrosion in the Duluth-Superior Harbor 
• Corrosive loss of steel structures is occurring rapidly 
• Service life of docks, piers, and pilings is greatly shortened   
• Replacement cost to local governments and businesses will 

exceed $200 million 
• Multiple factors including water quality and microbiologically 

influenced corrosion (MIC) may have significant influences on 
corrosion rates 

 

Corrosion pits on the Army Corps of 
Engineers Dock pilings. 

AMI Consulting Engineers hard hat diver 
collecting tubercle biofilm samples. 



Water Quality Parameters 
1. Sulfate  
       -  Supports metabolism of sulfate-reducing bacteria (SRB) (Hamilton 1985) 

       -  An electrochemical cell is formed that leads to pitting of the steel surface 
 (Potekhina 1999) 

 
2. Chloride 
       -  Can cause faster dissolution of Fe0 at the anode (steel surface) leading to 
 increased pit growth 
       -  Fe2+ and Cl- can complex and break down causing localized acidification  
       (Ray et al. 2009; Montemor et al. 2003; Rao et al. 2000) 

 
3. DOC 
      -  Anecdotal information indicates that corrosion is more severe in tea    
 colored waters (indicative of high humic acids) 

 

Tubercle diagrams from 
Ray et al. 2010 
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Steel surface becomes anodic, FeS cathodic, causing an electro chemical cell to develop.  Electrochemical cells strip electrons off of zero valent iron into a surrounding electron acceptor (FeS) and thus deteriorate the metal surface.



Microbiological Parameters 
1. Iron-Oxidizing Bacteria Abundance (FeOB) 
 
        -  A consortium of microbes inhabit the biofilms of corroded sites (Hicks 2009) 

        -   Gallionella sp. are associated with tubercle formation by production of ferric  
 hydroxide   
        -  Sideroxydans lithotrophicus has been detected at the most severely corroded sites        
 
2. Sulfate-Reducing Bacteria Abundance (SRB) 
 
        -  Known to be a major player in anaerobic corrosion and at neutral pH (Hamilton 1985) 

        -  Pitting of steel structures are usually associated with SRB (Beech 2003; Hamilton 1985) 

Ray et al. 2010 



Corrosion in the Duluth-Superior Harbor 
and North Shore of Lake Superior 



Phase I Research Objectives 
1. Evaluate historical data, collect and analyze water quality, 

microbiological and corrosion samples from high, moderate, and 
low corrosion sites in the Duluth-Superior Harbor. 

 
• Water chemistry alone does not seem to be the sole indicator of the 

aggressive corrosion on the steel in the Duluth-Superior Harbor 
based on the Larson-Skold Index of corrosivity 
 

2. Parameterize a risk assessment tool to predict risk of similar 
aggressive corrosion as seen in the Duluth-Superior Harbor at other 
ports in Lake Superior. 

 
• Predicting the risk of corrosion is proving difficult, but correlations 

between some measured parameters do exist 
 



Phase II Research Objectives 
Objectives: 
 
1. Determine the geographic extent of corrosion similar to the Duluth 

Harbor by collecting and analyzing water quality, microbiological, 
and corrosion samples from ports in western Lake Superior. 
 

2. Use this data to predict the risk of corrosion, similar to that of the 
Duluth Harbor, on steel infrastructure in these ports. 
 

3. Test and evaluate the risk assessment tool by comparing model 
predictions with the quantitative data collected over a larger 
geographic region 



Corrosion Risk Assessment 
 

Risk of Corrosion = 
  

where z = β0 + β1(sulfate) + β2(chloride) + β3(DOC) + β4(FeOB) + β5(SRB) 
  
Parameterize model: 
 
1. Logistic Regression 

 
2. Risk of Corrosion = Corrosion Rate (normalized to highest rate in 

Duluth Harbor) 
       -  0 = Little Risk;  0.5 = Intermediate Risk;  1.0 = High Risk 
 
NOTE:  This model would be used to predict the probability of similar 
corrosion occurring in other harbors 

     1   
 1 + e-z  
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Parameters Analyzed 

Water Quality 
 
1. Alkalinity 
2. Chloride 
3. Sulfate 
4. Dissolved Organic Carbon 

(DOC) 
5. Dissolved Copper 
6. Dissolved Oxygen 
7. Conductivity 
8. pH 
9. Temperature  

Microbiological 
 
1. Sulfate-reducer abundance 
 
2. Iron-oxidizer abundance 

(Gallionella sp.) 
 
 



Sampling Sites 

Map courtesy of Discovery 
Communications, 2011 

CHS 

Midwest Energy 

Superior Entry 

Cutler Magner 

Oliver Bridge 

Hallett Dock 5 
DSPA Berth 4 

Cargill Dock Army Corps 

Duluth Entry 

Map courtesy of Discovery 
Communications, 2011 
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Spend more time explaining that these are both 2010 and 2011 sample site in the harbor.  That the N.shore sites were only from 2011.



Estimated Corrosion Rates 
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2010 Sample Site 

2011 Sample Site 

• Rates lower near the entries and greater in the inner harbor 
• Gray box is expected rate of corrosion in the Duluth Harbor; 0.01-0.04 mm/year  
• Dashed line is normal rate of corrosion in seawater; 0.1-0.3 mm/year (Weiner and Salas, 2005) 

• Calculated by averaging waterline, 3 foot, and 6 foot pit depths and dividing by years 
steel has been in service 



2010 Water Chemistry vs. Corrosion Rates 
Parameter Tested Regression 

Equation 
P-value on 
Regressor 

Significant/Not 
Significant 

Alkalinity y = 0.0014x – 0.0103 0.005 Significant 

Chloride y = 0.0055x + 0.0382 0.02 Significant 

Sulfate y = 0.0008x + 0.0735 0.23 Not Significant 

Larson-Skold Index y = 0.0372x + 0.0751 0.40 Not Significant 

Conductivity y = 0.0004x + 0.0052 0.04 Significant 

pH Y = -0.0155x + 0.2113 0.29 Not Significant 

DOC y = 0.0016x + 0.0683 0.08 Not Significant 

Dissolved Copper Y = 3.7851x + 0.0803 0.43 Not Significant 

Dissolved Oxygen y = -0.0151x + 0.2306 0.04 Significant 

• Regressions suggest alkalinity, chloride, conductivity, and possibly DOC 
significantly influence higher corrosion rates 

• Dissolved oxygen seems to have a negative impact on corrosion rates 
• All other parameters were not significant when regressed against corrosion 

rates 
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2010 Iron-Oxidizer Abundance 
Location Tubercle 

Gallionella 
Abundance  
(copies/dry g) 

Adjacent Biofilm 
Gallionella 
Abundance 
(copies/dry g)  

% Gallionella of 
total prokaryotic 
abundance in 
tubercle 

Oliver Bridge 4.33E+08 1.98E+07 6.8 
Hallett Dock 5 1.12E+10 4.88E+08 17.38 
Midwest Energy 
Resources 

4.37E+08 4.57E+06 9.76 

Cenex Harvest States 1.69E+09 2.34E+06 34.15 
Graymont 8.19E+08 1.12E+03 25.79 
DSPA Berth 4 1.60E+08 9.44E+06 3.70 
Army Corps Dock 2.06E+09 7.97E+07 28.45 
Cargill Dock 1.27E+09 2.01E+03 33.71 
Superior Entry 1.93E+09 0 61.73 
Duluth Entry 0 0 0 



2011 Iron-Oxidizer Abundance 
Location Tubercle 

Gallionella sp. 
abundance 
(copies/dry g) 

% Gallionella of 
total prokaryotic 
abundance in 
tubercle 

Oliver Bridge 5.79E +08 7.41 
Hallett Dock 5 9.94E +08 9.81 
Midwest Energy 
Resources 

3.24E +09 30.01 

Cutler Magner 4.30E +08 6.98 
U.S. Army Corps 1.43E +09 17.45 
Cargill Dock 2.24E +08 3.88 
Duluth Entry 3.25E +08 5.17 
Knife River Marina 2.38E +07 1.61 
Two Harbors 3.07E +07 1.53 
Silver Bay 2.58E +07 1.99 



2010 Microbiological Abundance vs. Corrosion Rates 
• Gallionella abundance 

may be significant in 
predicting corrosion rate 
 

• P-value = 0.06 
 
 
 
 
 

 
• Sulfate-reducing bacteria 

are not significant in 
predicting corrosion 
rates 
 

• P-value = 0.12 

y = 3E-09x + 0.0815 
R² = 0.4173 
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Gallionella Abundance (copies/dry g) 
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SRB Abundance (dsrA copies/dry gram) 
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Comparing Gallionella Sample Means 
Dulut

h 
Entry Cargill 

Army 
Corps of 

Engineers 
Cutler 

Magner 
Midwes
t Energy 

Hallett 
Dock 5 

Oliver 
Bridge 

Knife 
River 

Two 
Harbors 

Silver 
Bay 

Duluth 
Entry - 0.50 0.09 0.45 4.27E-10 0.0003 0.09 0.04 0.04 0.04 

Cargill -  0.06 0.002 1.18E-11 2.39E-08 0.0002 0.001 0.001 0.001 

Army Corps    - 0.11 0.0110 0.47 0.17 0.03 0.03 0.03 

Cutler      - 2.05E-11 7.63E-08 0.0168 3.7E-11 2.2E-11 1.8E-11 

MWE        - 1.0E-09 7.6E-11 2.2E-12 2.3E-12 2.2E-12 

HD5          - 4.8E-05 1.0E-11 1.0E-11 9.2E-12 
Oliver 
Bridge           -  9.5E-09 9.5E-09 8.4E-09 

Knife River              - 0.55 0.86 
Two 
Harbors               -  0.55 

Silver Bay - 
• Green boxes indicate sample site in first column has significantly LESS Gallionella 

sp. than row site 
• Orange boxes indicate sample site in first column has significantly MORE 

Gallionella sp. than row site 



2011 Sulfate-Reducing Bacteria Abundance 
Location SRB Abundance (dsrA 

copies/ dry g) 
% SRB of total 
prokaryotic population 

Duluth Entry 5.73E+08 9.12 
Cargill 3.88E+07 0.67 
Army Corps of Engineers 2.53E+08 3.08 
Cutler Magner 2.35E+06 0.04 
Midwest Energy 
Resources 7.89E+06 0.07 
Hallett Dock 5 1.91E+07 0.19 
Oliver Bridge 3.11E+07 0.40 
      
Knife River Marina 2.10E+07 1.42 
Two Harbors 3.74E+07 1.86 
Silver Bay 2.28E+07 1.76 

• SRB are present on corroding steel structures in the Duluth-Superior Harbor 
and the North Shore of Lake Superior at relatively the same abundances 

• SRB make up much less of the total population percentage than Gallionella 
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Remember, Gallionella only represent one group of iron oxidizers, whereas the dsrA gene represents ALL SRB!



Preliminary Conclusions 
1. Water quality alone may not be solely responsible for the corrosion in the 

Duluth-Superior Harbor based on the Larson-Skold Index 
 

2. Alkalinity, chloride, conductivity and possibly DOC are significant 
predictors of corrosion rates 
 

3. Iron-oxidizing bacteria were more abundant at corroded spots compared 
to adjacent biofilm areas, Gallionella may significantly influence corrosion 
rates 
 

4. Sulfate-reducing bacteria are present at corroded spots on steel, and their 
abundance was not related to estimated corrosion rates 
 

5. Risk assessment tool is being developed and evaluated 
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