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1. INTRODUCTION 
 
Great Lakes Environmental Center (GLEC) has prepared this report for the Lake Michigan 
Carferry Service to provide an interpretation and evaluation of the ecological impacts of turbidity 
and suspended solids associated with the coal ash slurry discharged from the S.S. Badger 
carferry to the open waters of Lake Michigan. Following a summary review of the information 
available to characterize this discharge, this report evaluates the possible ecological impacts of 
the discharge from a variety of perspectives: 
 

∙ Potential dilution of effluents discharged from moving vessels; 
∙ The relationship between turbidity and total suspended solids (TSS) concentration 

for coal ash; 
∙ Effects of turbidity and suspended solids on freshwater aquatic life; and 
∙ Sources of background turbidity and suspended solids, and particle deposition 

rates in Lake Michigan. 
 
A summary and conclusions are offered in the final section of the report.  
 
 
2. REVIEW OF COAL ASH DISCHARGES FROM THE S.S. BADGER 
 
Available information to characterize the discharge of coal ash slurry from the S.S. Badger was 
provided in an October 27, 2008 letter to Duane Heaton of the Water Enforcement and 
Compliance Assurance Branch, Region 5, U.S. Environmental Protection Agency (EPA). Coal 
ash slurry is discharged from the S.S. Badger during about 2 ½ hours of the four-hour voyage 
across Lake Michigan, between the ports of Ludington, MI and Manitowoc, WI. According to 
the S.S. Badger’s Vessel General Permit, the discharge of coal ash slurry occurs when: 
 

• the S.S. Badger is more than 5 nautical miles from shore,  

• in water over 100 feet in depth, and 

• while underway at a speed not less than 6 knots. 
 
During 2008, on its last trip of the season (October 12) the amount of coal ash generated on one 
round-trip voyage was measured.  To do so, the S.S. Badger retained all of the coal ash generated 
during a 12-hour period, which included one round trip from Ludington to Manitowoc. Upon 
returning to Ludington, the accumulated coal ash was removed from the carferry and weighed. 
Based on the quantity of ash generated (5,000 lbs.) as well as the amount of coal combusted 
(55,900 lbs.) during this trial, an ash generation rate of 8.94 percent was determined. Assuming 
that this ash generation rate applies for the entire 154 day season, the Lake Michigan Carferry 
Service estimated that the S.S. Badger generated (and discharged) 769.7 tons of coal ash in 2008. 

W-8



Ecological Impacts of Coal Ash Slurry Discharges from the S.S. Badger to Lake Michigan 
  Great Lakes Environmental Center  June 3, 2011 
 

3 
 

For the 215 round-trip lake crossings over 137 days scheduled for 2011, the estimated ash 
discharge would be somewhat less, 537.5 tons.  
 
During a single trip across the lake, 97,500 gallons of lake water are circulated aboard the S.S. 
Badger to convey and discharge 2,500 lbs of ash during a 150-minute active discharge period. 
Ash removal from the various accumulation points aboard the S.S. Badger (six boiler zones, 
three economizer boxes and dust collectors) is performed sequentially and manually, so the 
amount of coal ash being discharged varies over this 2 ½ hour period. Based upon information 
provided by Lake Michigan Carferry Service, the solids content of the coal ash slurry discharge 
is in the range of 2,500 milligrams per liter (mg/L) to 3,100 mg/L. 
 
 
3. DILUTION OF EFFLUENT DISCHARGED FROM MOVING VESSELS 

 
A literature review was conducted by GLEC to evaluate and characterize the rate of dilution of 
wastewater discharged from moving vessels. To date, few studies have been directed specifically 
at the dilution of vessel effluents, and limited research has been published on measurements and 
models of the dilution of discharges from offshore drilling platforms and cruise ships. Of these 
two sources, dilution of cruise ship discharges is more applicable to the coal ash slurry discharge 
associated with the S.S. Badger.  
 
Discharges from cruise ships have been studied to assess the potential risk to the marine coastal 
environment resulting from cruise ship discharges, which include graywater1 (water from 
accommodation sinks and showers, laundry and galleys) and blackwater1 (wastewater generated 
from toilets and medical facilities). Several studies have reported the dilution of wastewater 
discharged from cruise ships while in transit, and results from those studies are summarized 
below.  
 
The dilution achieved behind a moving self-propelled vessel has been estimated in a variety of 
ways. Colonell et al. (2000) modeled the near-field dilution and far-field dispersion of graywater 
discharge from a typical cruise ship. Although mathematical models exist for plume discharges 
and for ship wakes, Colonell et al. (2000) may have been the first to combine the two in order to 
create a practical model for calculating ships effluent dispersion in the environment. 
 
As discussed in Colonell et al. (2000), a mixing zone model (CORMIX12) was used to simulate 
the near-field dilution of graywater discharge, by treating it as an effluent discharged from a pipe 
                                                 
1 It should be noted that the S.S. Badger holds all graywater and blackwater, as well as oily bilge water, for disposal 
on shore. 
2 CORMIX1 is an EPA approved model designed for submerged discharges from a stationary outfall in a channel. 
Cruise ships are a nonstandard application of the model since CORMIX1 does not simulate the dynamics related to 
the ship’s hull, displacement or propulsion system. 
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under the ship. CORMIX1 was used to predict the width of the effluent plume, and the depth of 
the plume was determined by a growing turbulent boundary layer along a flat surface (unlike the 
actual hull shape). CORMIX1 predictions of effluent dilution at a distance of 125 m from the 
discharge port, including the depth of the plume centerline, the minimum dilution, the maximum 
graywater concentration, and the half-width of the discharge plume were used as a basis for 
subsequent calculations of secondary dilution. Secondary dilution, promoted by turbulence 
generated by the ship itself, is due to the fluid boundary layer on the underside of the ship and the 
turbulent wakes generated by the ship’s propellers (Colonell et al., 2000). Colonell et al. (2000) 
assumed that secondary dilution was equal to the flow through the rectangular plume cross-section 
of the ship, divided by the graywater discharge rate. This resulted in a conservative assumption (i.e. 
underestimate) of secondary dilution because it ignored any horizontal mixing of the effluent that 
might occur within the ship’s boundary layer. Colonell et al. (2000) also assumed that the effluent 
plume did not intersect the cross-section of the propellers, so mixing by the propeller wake was 
not considered a significant component of the mixing process. 
 
Colonell et al. (2000) determined that for a cruise ship traveling at 8 knots and discharging 
wastewater at a rate of 200 m3/hr, initial (near-field) dilution of 2,500:1 (within about a minute) and 
far-field dilution of 25,000:1 (<5 days) were expected. Based on this model, EPA (2002) calculated 
that effluent discharges from cruise ships operating in Alaskan waters were expected to undergo 
initial dilution of approximately 40,000:1. Why the discharges predicted for Alaskan cruise ships 
were higher than the results presented by Colonell et al. (2000) was not stated by EPA, but may be 
related to the faster speed of the Alaskan cruise ships (15-19 knots). This is further discussed below. 
 
A Scientific Advisory Panel (SAP) reporting to the Alaska Cruise Ship Initiative (Atkinson et al., 
2001) commented that Colonell et al.’s (2008) approach underestimated the mixing process in 
the near-field, and was subject to the variations in the parameters used in the CORMIX1 model 
as well as the specific locations of the discharge pipes of each ship. They also noted that the 
plume that forms will undoubtedly be drawn into the propellers, and the dilution that occurs will 
be largely influenced by the propeller mixing and the returning displacement water from the 
ships’ passage.  
 
Further, the SAP (Atkinson et al., 2001) presented a simple approach to estimating dilution 
factors that was applicable to a variety of ships and locations of discharge ports. This approach 
addressed the three mixing processes that contribute to diluting a discharge from all propeller-
driven ships including: 
 

• turbulence from shear between the moving hull and the water,  

• turbulence from the motion of the propellers, and  

• turbulence from the hull across the full width of the ship.  
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The SAP (Atkinson et al., 2001) provided a simple estimate of the dilution of any substance 
discharged along the hull by assuming a well-mixed effluent over a vertical plane with an area 
that equals the width times the draft of the ship. Thus, a dilution factor can be calculated by 
comparing the rate the ship moves through a volume of water (cross section of ship times vessel 
speed) to the rate of effluent discharge: 
 

Dilution = (ship width x ship draft x ship speed)/(volumetric discharge rate) 
 
According to this equation, the dilution is proportional to ship speed and inversely proportional 
to the rate of effluent discharge. The SAP (Atkinson et al., 2001) considered dilution factors 
calculated by the formula above to be minimal estimates of the mixing of pollutants discharged 
from a propeller-driven ship within 15 minutes, pending further dilution studies.  For the S.S. 
Badger, a dilution factor of 15,425:1 is calculated based on the SAP formula, as shown below: 
 

(59.5 ft · 16 ft · 16 mi/hr · 5280/60)/(650 gal/min ÷ 7.48) = 15,425 
 
In addition, the EPA (2002) conducted a Cruise Ship Plume Tracking Survey to measure the 
dispersion of cruise ship wastewater discharges while in transit. The study found that discharges 
behind cruise ships moving at between 9 and 17 knots were diluted by a factor of between 
200,000:1 and 640,000:1. These dilution factors were determined by measuring ambient 
concentrations of rhodamine dye discharged at known rates from four vessels. The measured 
dilutions were significantly higher than the dilution factors predicted by Colonell et al. (2000) or 
the SAP (Atkinson et al., 2001). The dye study results suggested that secondary dilution, 
including the mixing of the effluent that occurs when it passes through the propellers, is an 
important factor when considering the ambient concentrations of discharge effluents. According 
to EPA (2002), the effluent undergoes a dramatic and rapid dilution after mixing with ambient 
water in the propeller wash. 

 
It is likely that the dilution of coal ash discharge behind the S.S. Badger is similar to the dilution 
measured for cruise ship wastewater discharges. This is based on the similarity of the S.S. 
Badger’s speed (typical cruising speed is 15 - 17 miles per hour depending on wind and sea 
state) and the propeller configuration (2 screws, 14 ft. diameter) to those of the cruise ships 
studied by EPA (2002). However, it should also be recognized that the S.S. Badger is 
considerably smaller than the cruise ships studied by EPA (2002): the S.S. Badger’s length (410 
ft.) is less than half of the cruise ships, and its draft is shallower (16 vs. 25 ft.).  
 
Accordingly, GLEC believes that it is most appropriate to consider a range of dilution factors for 
the S.S. Badger’s coal ash slurry discharge. A lower-bound estimate of 15,425:1 is provided by 
the SAP (Atkinson et al., 2001) formula, while the most conservative of the dilution factors 
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measured in the EPA (2002) Cruise Ship Plume Tracking Survey (200,000:1), represents a 
conservative upper bound.  
 
Based on these dilution estimates, ambient concentrations of total suspended solids (TSS) can be 
calculated following the initial mixing of the coal ash slurry discharged by the S.S. Badger, as 
tabulated below: 
 

S.S. Badger TSS Discharge Concentration 

2,500 mg/L 3,100 mg/L Source 
Estimated 
Dilution 
factor Calculated Ambient TSS concentration 

SAP (Atkinson et al., 2001) 15,425 0.162 mg/L 0.201 mg/L 
Cruise Ship Plume Tracking 
Survey (EPA, 2002) 

200,000 0.013 mg/L 0.016 mg/L 

 Notes:  mg/L – milligrams per liter 
 
 
4. RELATIONSHIP BETWEEN TURBIDITY AND TOTAL SUSPENDED SOLIDS 
CONCENTRATION FOR COAL ASH 
 
There are three primary ways in which solids or sediment are measured in the water column: 
turbidity, total suspended solids concentration, and water clarity (Bash et al., 2001). Although 
these three metrics measure different aspects of suspended sediments, they are often incorrectly 
used interchangeably in water quality monitoring and research papers. These measures are also 
frequently correlated with one another, although the strength of the correlations may vary widely 
between samples from different monitoring sites, between different watersheds, and for solids 
originating from different sources.  
 
For example, the parent geological material in a basin, weathering rate, texture of sediment and 
soils produced through weathering and erodibility all have a great influence on the amount, 
texture, and behavior of fine sediments in streams and lakes (Everest et al., 1987 as cited in Bash 
et al., 2001).  Turbidity and total suspended solids are defined as follows: 
 
Turbidity is an optical property of water where suspended and dissolved materials such as silt, 
clay, finely divided organic and inorganic matter, chemicals, plankton, and other microscopic 
organisms cause light to be scattered rather than transmitted in straight lines. Measurements of 
turbidity have been developed to quickly estimate the amount of sediment within a sample of 
water and to describe the effect of suspended solids blocking the transmission of light through a 
body of water (Lloyd, 1987 as cited in Bash et al., 2001). Turbidity is usually measured in 
nephelometric turbidity units (NTU). 
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Total Suspended Solids represents the actual gravimetric measure of the mineral and organic 
particles suspended in a water sample. Fluctuating TSS levels in the water column may influence 
aquatic life from fish to phytoplankton (see Section 5).  

 
While the discharge of coal ash slurry from the S.S. Badger has been quantified (Section 2 of this 
report) and TSS concentrations mixed in the wake of the car ferry were estimated based upon 
published dilution ratios (see Section 3), it is also necessary to relate these quantities to turbidity 
in order to evaluate the potential ecological impacts.  
 
To some extent, how much light is scattered (i.e., turbidity) for a given amount of particulates is 
dependent upon properties of the particles such as their shape, color, and reflectivity. For this 
reason (and because heavier particles settle quickly and do not contribute to a turbidity reading), 
a correlation between turbidity and TSS is somewhat unique for each location or situation.  
 
Schafran and Sellers (1991) measured turbidity and TSS of several samples of coal-ash laden 
wastewater from coal-fired boilers. Samples of wastewater containing fly ash and bottom ash 
were collected and yielded the following data: 
 

Sample Turbidity (NTU) TSS (mg/L) Turbidity/TSS ratio 
Fly ash 204 515.3 0.40 
Bottom ash 720 2,482.6 0.29 

  
In addition, the relationships between turbidity and TSS were shown to be linear over a wide 
range of values for both fly ash and bottom ash (Schafran and Sellers, 1991). In general, the 
proportionality between turbidity and TSS measurements is maintained down to low values (e.g., 
<10 NTU and <10 mg/L). This was demonstrated for a number of industrial samples by Sadar 
(2011), and is also observed in many natural waters including the Laurentian Great Lakes (Lake 
Access, 2011).  
 
Assuming that the turbidity/TSS ratios calculated above for the fly ash and bottom ash 
wastewater samples can be applied to the S.S. Badger’s coal ash slurry discharge, then the 
following ambient turbidity values (following dilution in the ship’s wake) can be calculated: 
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Turbidity/TSS ratio 

(Schafran and Sellers, 1991) 

0.40 0.29 

S.S. Badger, 
Estimated TSS 
Discharge 
Concentration  

Dilution 
factor 

S.S. Badger Estimated Turbidity 

Low 0.064 NTU 0.047 NTU 
2,500 mg/L 

High 0.005 NTU 0.004 NTU 

Low 0.080 NTU 0.058 NTU 
3,100 mg/L 

High 0.006 NTU 0.004 NTU 

 

As can be seen from this table, the highest ambient turbidity calculated from the lower- and 
upper-bound dilution factors and the two turbidity/TSS ratios, is 0.080 NTU.  

To provide some context for this level of turbidity, we note that EPA has published water quality 
criteria for turbidity 3, which include scientific assessments of the effects of turbidity on aquatic 
life. Although the States of Michigan and Wisconsin do not have water quality standards for 
turbidity, several other states have promulgated water quality standards for turbidity including: 

State Turbidity standard (NTU) Comments 
Louisiana 25, 50 or 150 NTU, or 

background plus 10 percent 
Standard depends on the water body 

Vermont 10 NTU or 25 NTU,  Standard depends on water body 
classification  

Washington 5 NTU over background, 
or  
10 percent increase  

when background is 50 NTU or less 
 
when background is over 50 NTU 

The upper-bound estimate of turbidity imparted by the S.S. Badger’s coal ash slurry discharge 
(0.080 NTU) is far below the State water quality standards for turbidity that have been 
promulgated in Louisiana, Vermont, and Washington.   

Turbidity standards are also used to ensure the quality of drinking water. In the United States, 
drinking water produced by treatment systems that use conventional or direct filtration methods 
cannot have turbidities higher than 1 NTU, and at least 95 percent of the drinking water samples 
collected in a month must have turbidities less than or equal to 0.3 NTU4. Many drinking water 
utilities strive to achieve turbidity levels as low as 0.1 NTU. Again, the upper-bound estimate of 

                                                 
3 http://www.epa.gov/waterscience/criteria/library/goldbook.pdf 
4 http://water.epa.gov/drink/contaminants/index.cfm#3. 
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turbidity imparted by the S.S. Badger’s coal ash slurry discharge (0.080 NTU) is much lower 
than the national standards for drinking water turbidity of 1 NTU and 0.3 NTU. 

Finally, Figures 1 and 2 visually illustrate different levels of turbidity in water due to both algae 
and suspended sediment (Lake Access, 2011). Figure 1 shows filter discs prepared by filtering 
identical volumes of water from a lake, with their corresponding values of turbidity and 
chlorophyll. Figure 2 shows a second set of filters generated using nearshore water samples from 
an erodible area. 
 

Figure 1.  Filter Disc Photographs, Turbidity Due to Varying Concentrations 
of Algae  
 

 

 
 
 

Figure 2.  Filter Disc Photographs, Turbidity Due to Varying Concentrations 
of Suspended Sediment 
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Figure 3 shows water samples containing different levels of turbidity. Berry and Parkinson 
(2008) characterized a water sample measuring 5 NTU as being imperceptibly turbid.  As 
mentioned previously, the highest ambient turbidity calculated for the S.S. Badger’s coal ash 
slurry discharge using the lower- and upper-bound dilution factors and the two turbidity/TSS 
ratios, is 0.080 NTU, far below the value considered to be imperceptibly turbid (5 NTU; Berry 
and Parkinson, 2008). 
   
 

Figure 3.  Water Samples Containing Varying Concentrations of Turbidity 
 

 
Turbidity standards of 5, 50, and 500 NTU 

 
 
 
5. EFFECTS OF TURBIDITY AND SUSPENDED SOLIDS ON FRESHWATER 
AQUATIC LIFE  
 
As mentioned previously, TSS and turbidity may influence aquatic life from fish to 
phytoplankton. At high TSS concentrations, suspended sediment causes a range of 
environmental effects, including benthic smothering and irritation of fish gills. Much of the 
impact of suspended sediment at lower concentrations is related to its light attenuation, which 
reduces visual range in water and light availability for photosynthesis.  
 
The effects of TSS and turbidity on freshwater aquatic life have been studied extensively.  With 
respect to TSS and turbidity, the lowest effects levels associated with freshwater aquatic life 
occur at concentrations far higher than those estimated for the S.S. Badger (0.201 mg/L and 
0.080 NTU; see Section 4 of this report).  Literature studies of the effects of TSS and turbidity on 
aquatic life are briefly summarized in the following text.  
 
Bash et al. (2001) provide a review of the scientific literature on effects of turbidity and 
suspended solids on freshwater aquatic life with an emphasis on salmonid fishes, which are 

W-16



Ecological Impacts of Coal Ash Slurry Discharges from the S.S. Badger to Lake Michigan 
  Great Lakes Environmental Center  June 3, 2011 
 

11 
 

generally regarded to be highly sensitive to water quality. Suspended sediment is associated with 
negative effects on the spawning, growth, and reproduction of salmonids (Bash et al., 2001). 
Effects on salmonids will differ based on their developmental stage. Suspended sediments may 
affect salmonids by altering their physiology, behavior and habitat, all of which may lead to 
physiological stress and reduced survival rates. A sizable body of data has been gathered in 
North America focusing on the relationship between turbidity, total suspended sediments, and 
salmonid health. 
 
Sigler et al. (1984)5 identified a significant difference in growth rates between steelhead and 
coho in clear versus turbid water. As little as 25 NTUs of turbidity caused a reduction in fish 
growth. The implication of this finding is that fish subjected to turbidity in this experiment might 
experience increased probability of mortality in comparison to those fish experiencing normal 
growth. Sigler et al. (1984) also conducted tests to determine the point at which juvenile 
steelhead and coho subjected to continuous clay turbidities would emigrate from an area. 
Turbidities ranged from 57 to 265 NTUs. In tanks with mean turbidities of 167 NTUs or higher, 
no fish were found. Fish were found in tanks with lower turbidities (57 and 77 NTUs) at numbers 
near carrying capacity. 
 
Newly emerged fry appear to be more susceptible to even moderate turbidities than are older 
fish. Turbidities in the 25-50 NTU range (equivalent to 125-175 mg/L of bentonite clay) reduced 
growth and caused more young coho salmon and steelhead to emigrate from laboratory streams 
than did clear water (Sigler et al., 1984). Juvenile salmonids tend to avoid streams that are 
chronically turbid, such as glacial streams or those disturbed by human activities (Lloyd et al., 
1987), except when the fish have to traverse them along migration routes. 
 
A mean avoidance of 25% was discovered for juvenile coho exposed to a 7,000 mg/L level of 
suspended sediment (Servizi and Martens, 1992). The authors estimated that the threshold for 
avoidance by juvenile coho in the vertical plane was 37 NTU. Berg (1982) found that juvenile 
coho exposed to a short-term pulse of 60 NTU left the water column and congregated at the 
bottom of an experimental tank. When the turbidity was reduced to 20 NTU, the fish returned to 
the water column. Bisson and Bilby (1982) subjected juvenile coho to experimentally elevated 
concentrations of suspended sediment. In their work, juveniles did not avoid moderate increases 
in turbidity when background levels were low. Significant avoidance, however, was observed at 
a level of 70 NTU. 
 
Juvenile coho exposed to short-term sediment pulses exhibited altered territory structure and 
altered feeding behavior (Berg and Northcote, 1985). Normally, a dominant fish positioned 
upstream would consume the majority of the prey. During turbid phases, territories broke down, 

                                                 
5 References in this section were cited in Bash et al., 2001. 
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and subordinate fish captured a greater proportion of the prey. This was most evident at 30 and 
60 NTU. 
 
Subsequent to a sediment pulse, a breakdown in social organization among juvenile coho in an 
artificial stream occurred (Berg, 1982). Territoriality appeared to cease during a short-term 
sediment pulse, possibly due to the inability of the fish to see the positions of their neighbors. 
Territory was reestablished when turbidity decreased to 20 NTU. Lateral displays, a territorial 
action performed by salmonids, were limited under the experimental conditions. Experiments 
conducted by Noggle (1978) within a turbid artificial stream and clear tributary illustrated 
avoidance by fish of their established territories. 
 
The literature presents two major themes on the effect of turbidity on foraging. Many studies 
indicate that as visual feeders, the effectiveness of salmonids in obtaining food is reduced by 
turbidity at levels as low as 20 NTU (Berg, 1982). Other research indicates that some species of 
salmonids (juvenile coho, steelhead, and chinook) appear to prefer slightly to moderately turbid 
water for foraging, as reported in studies by Sigler et al. (1984) and Gregory (1988). This 
behavior may represent a trade-off between predation risk and bioenergetic demand and benefits 
of increased growth. While ability to forage in turbid water may be reduced, the reduction in 
predation risk may make it worthwhile to operate in partially turbid areas (Gregory and 
Northcote, 1993). 
 
Berg (1982) showed a decrease in feeding ability by juvenile coho in response to short-term 
pulses of suspended sediment in a laboratory environment. At 0 NTU, 100% of the prey items 
offered to the fish were consumed, whereas at 60 NTU, only 35% of introduced prey were 
consumed. At a turbidity level of 10 NTU, fish were noted to frequently mis-strike prey items. A 
significant delay in the response of fish to introduced prey was noted at turbidities of 20 and 60 
NTU. The acquisition of food resources in turbid waters may be reduced due to the effects of 
turbidity on behavior and vision.  
 
As coho are visual feeders relying on drift, reduction in feeding ability may lead to depressed 
growth rates (Berg, 1982). Reid (1998) reported that published data suggest that feeding 
efficiency of juvenile coho salmon drops by 45% at a turbidity of 100 NTU. Additionally, prey 
behavior is also altered by TSS. Berg and Northcote (1985) showed a reduction in reaction 
distance by juvenile coho to adult brine shrimp after a sediment pulse (60-20 NTU) was 
introduced. Prey acquisition increased as the pulse dropped from 60 NTU to 20 NTU, but 
remained below levels occurring prior to the pulse. 
 
Gregory and Northcote (1993) assessed the effects of turbidity on the foraging behavior of 
juvenile chinook in the laboratory. The reaction distance of the fish to planktonic adult Artemia 
prey was measured by examining the visual ability of the subjects. The foraging rate by juvenile 
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salmonids for surface, planktonic and benthic prey was measured across a range of turbidity 
levels (<1, 18, 35, 70, 150, 370, 810 NTU). For all three prey types, foraging was reduced at 
higher turbidities. Foraging rates for surface and benthic prey were also reduced in clear water, 
with highest foraging rates attained at 35-150 NTU. The authors suggested that the increased 
feeding rate in turbid conditions may reflect reduced risk from predators. 
 
Gardner (1981) showed reduced feeding rates for bluegills in turbid waters. Feeding rates in a 3 
minute period declined from 14 prey per minute in clear water to 11, 10, and 7 per minute in 
pools of 60, 120, and 190 NTU. Gardner suggested that high (>50 NTU) levels of turbidity 
would reduce energy intake (through decreased feeding rates) thus reducing production of fish 
populations. 
 
Vogel and Beauchamp (1999) quantified the reaction distance of adult lake trout (as predators) to 
rainbow trout and cutthroat as a function of light (0.17 – 261 lux6), prey size (55, 75, and 139 
mm) and turbidity (0.09, 3.18, and 7.40 NTU). Reaction distances of adult lake trout to rainbow 
and cutthroat trout increased with increasing light (25 cm at .17 lux, to 100 cm at 17.8 lux). 
Reaction distance decreased as a decaying power function of turbidity. Vogel and Beauchamp 
(1999) used results to model prey detection capabilities of piscivores at varying depths and times 
of day in natural environments. 
 
The response of Daphnia7 to suspensions of several types of solids was reviewed by EIFAC 
(1965). The following results were reported: 
 

Type of suspended solid Harmful TSS concentration (mg/L) 
Kaolinite 102 
Montmorillonite 82 
Charcoal 82 
Pond sediment 1,458 

 
 
Reproduction rate increased for Daphnia at lower rates of suspended sediment. McCabe and 
O’Brien (1983) determined that turbidity levels as low as 10 NTUs can cause significant declines 
in feeding rate, food assimilation, and reproductive potential of Daphnia pulex. Suspended 
sediment concentrations of 50-100 mg/L reduced algal carbon ingested by cladocerans to 
potential starvation levels. These zooplankton are an important food item for salmonid fishes. 
 
A 5 NTU increase in turbidity in a clear-water lake may reduce the productive volume of that 
lake by about 80% and a 25 NTU increase in a clear-water stream 0.5 m deep may reduce plant 
                                                 
6 A measurement of light intensity measured with a light meter. 
7 Daphnia are small, planktonic crustaceans, between 0.2 and 5 mm in length, members of the order Cladocera. 
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production by approximately 50% (Lloyd et al., 1987). A 5 NTU increase in turbidity in a clear 
stream 0.5 m deep may reduce primary production by 13% or more, depending on stream depth. 
 
Figure 4 summarizing the effects of turbidity exposure to freshwater fish is displayed below. As 
shown in this figure, as well as the literature review summarized above, adverse effects are not 
observed at turbidities below 5-10 NTU.  

 
Figure 4.  Relational Trends of Freshwater Activity to Turbidity Values and 
Time 
 

 
 

Note:  Figure adapted from: "Turbidity: A Water Quality Measure." Water Action 
Volunteers,  Monitoring Factsheet Series. UW-Extension, Environmental Resources 
Center. 

 
 
Given that the highest ambient turbidity calculated from the S.S. Badger’s coal ash slurry 
discharge, the turbidity/TSS ratio, and the dilution factor in the previous sections is 0.080 NTU, 
it appears highly unlikely that the turbidity contributed by this discharge would have an adverse 
effect on aquatic life present in the Lake Michigan ecosystem. 
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6. SOURCES OF TURBIDITY, SUSPENDED SOLIDS AND PARTICLE 
DEPOSITION RATES IN THE LAKE MICHIGAN ECOSYSTEM 
 
As shown in the previous sections, the turbidity associated with the S.S. Badger’s coal ash slurry 
discharge is unlikely to cause harm to the aquatic life present in Lake Michigan. The significance 
of this discharge can be further evaluated by comparing it’s magnitude to other known sources of 
turbidity and suspended solids to Lake Michigan. These include: 
 

∙ Shoreline erosion, deposition and subsequent resuspension during storms; 
∙ Autochthonous primary productivity; 
∙ Calcium carbonate precipitation (whiting); and 
∙ Tributary loading inputs. 

 
Each of these turbidity-contributing processes has been well-studied and quantified in Lake 
Michigan, as reported in the scientific literature (e.g., Colman and Foster, 1994) and are briefly 
discussed in the following text. 
 
To determine the overall rate of solids loading in the lake, Eadie (1997) measured the particle 
settling fluxes in southern Lake Michigan using sediment traps. During the stratified period 
(June-December), mass fluxes were low, less than 1 grams/meter2/day (gm/m2/d) near the lake 
surface. Higher fluxes (up to 15 gm/m2/d) were measured below the thermocline, especially near 
the lake bottom due to sediment resuspension processes, and during the unstratified period. Solid 
deposition fluxes were also measured in a number of sediment traps at different locations in the 
lake during the 1994-95 Lake Michigan Mass Balance (LMMB, see Figure 5 below for trap 
locations). Trap T5 in the northern basin (midway between Sturgeon Bay, WI and Point Betsie, 
MI; 30 meter (m)  trap depth; 260 m water depth) was the trap closest to the route of the S.S. 
Badger, and probably measured mass fluxes more representative of middle and northern Lake 
Michigan. During the stratified period (which includes the S.S. Badger’s operating season), the 
average particle settling flux measured in trap T5 was 0.35 gm/m2/d (personal communication, 
B. Eadie, NOAA Great Lakes Environmental Research Laboratory, December 12, 2002). The 
particle settling fluxes measured in sediment traps capture solids delivered to those locations in 
the lake from all of the sources listed above. Therefore, 0.35 gm/m2/d was a measure of the total 
suspended solids loading delivered to the near surface waters of middle-northern Lake Michigan 
during the stratified period (Eadie, 1997).  
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Figure 5.  Locations of sediment traps (triangle symbols) deployed  
during the Lake Michigan Mass Balance. 
 
 

 
 

 
  

Fitzgerald and Gardner (1993) determined that the spring bloom of diatoms contributed 61 
mmol/m2/d of algal carbon over a 78 day period. Assuming an organic carbon content of 30%, 
this represents a solid mass flux of 2.44 gm/m2/d. This flux may be higher than current values, 
given trends towards oligotrophication observed in Lake Michigan since the late 1990s. Evans et 
al. (2011) showed that spring silica concentrations (an indicator of decreasing growth of the 
dominant diatoms) have gradually increased in all basins of Lake Michigan between 1983 and 
2008. These changes indicate the lake has undergone gradual oligotrophication coincident with 
and anticipated by nutrient management implementation. Slow declines in seasonal drawdown of 
silica (a proxy for seasonal phytoplankton production) also occurred, until recent years, when 

T5 
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lake-wide responses were punctuated by abrupt decreases, putting them in the range of 
oligotrophic Lake Superior. The timing of these dramatic production drops is coincident with 
expansion of populations of invasive Dreissenid mussels, particularly quagga mussels, in each 
basin. Simply put, invasive quagga mussels have hastened the decline in diatom productivity in 
Lake Michigan, resulting in lower biotic particle fluxes and concentrations in the open lake 
waters. 
 
With respect to the coal slurry discharge associated with the S.S. Badger, the loading of solids to 
Lake Michigan, measured as trap fluxes as described above, can be compared to the deposition 
of coal ash slurry solids from the S.S. Badger. This comparison must consider the variation of 
the S.S. Badger’s course over the duration of the season, due to factors such as the direction and 
magnitude of wind and waves.  
 
The Lake Michigan Carferry Service estimates that the S.S. Badger’s course over a season may 
cover more than 1,000 mi2. If the solids in the coal ash slurry discharge were deposited 
uniformly over this area, it would represent a solids flux of 0.0042 gm/m2/d, about 1% of the 
deposition flux delivered to the near surface waters of northern Lake Michigan during the 
stratified period as measured by sediment traps (Eadie, 1997). If instead, the solids in the coal 
ash slurry discharge were deposited within a 1 mile wide “track” of the S.S. Badger across the 
lake, the solids flux would be 0.11 gm/m2/d, still only about 30% of the deposition flux measured 
in sediment traps (Eadie, 1997).   
 
GLEC believes that these two estimates of solids flux represent lower and upper bounds on the 
mass loading of coal ash slurry solids from the S.S. Badger. In comparison to the near-surface 
solids mass fluxes measured in Lake Michigan during the unstratified period (5-15 gm/m2/d) or 
even the stratified period (<1 gm/m2/d), the solids fluxes attributable to the coal ash slurry 
discharge from the S.S. Badger are modest.  
 
According to Dean, Shaefer and Armstrong (1993), TSS in the epilimnion of southern Lake 
Michigan varies from 0.4 to 1.4 mg/L, with higher values occurring during summer. Peak TSS 
concentrations are associated with the diatoms that bloom in May and June, contributing up to 
0.7 mg/L of suspended solids, and calcite particles that precipitate in late August and September, 
contributing up to 1 mg/L.  
 
To confirm these data and obtain values more representative of the waters navigated by the S.S. 
Badger, GLEC retrieved near surface TSS and turbidity data from LMMB stations MB26, 27M, 
31 and 36 located near the S.S. Badger’s route (see Figure 6 below). During the stratified period, 
the average and range of TSS and turbidity measured at each of these stations is tabulated below: 
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Station TSS average 

(mg/L) 
TSS range 

(mg/L) 
Turbidity average 

(NTU) 
Turbidity range 

(NTU) 
MB26 1.14 0.93 – 1.53 0.54 0.32 – 0.75 
27M 0.88 0.58 – 1.08 0.35 0.25 – 0.59 
31 0.84 0.69 – 1.18  0.37 0.23 – 0.60 
36 0.98 0.71 – 1.39  0.50 0.30 – 0.67 

 
 
Figure 6.  Locations of water quality monitoring stations sampled 
during the Lake Michigan Mass Balance. 
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By comparing these values to the upper-bound estimates of ambient TSS and turbidity 
contributed by the coal ash slurry discharge of the S.S. Badger, GLEC calculated that this 
discharge may locally increase TSS in Lake Michigan by 13 to 35% (average 21%), and turbidity 
by 11 to 35% (average 19%). The maximum ambient TSS and turbidity expected in the vicinity 
of the S.S. Badger, obtained by adding the highest values tabulated above to the upper-bound 
contributions expected from the S.S. Badger’s discharge, are 1.73 mg/L and 0.83 NTU. These 
values are still well below concentrations associated with adverse effects to aquatic life that are 
discussed in Section 5.  In addition, these estimated values are far below the State water quality 
standards for turbidity that have been promulgated in Louisiana, Vermont, and Washington, as 
previously discussed. 
 
It should also be recognized that the maximum expected ambient TSS and turbidity values in the 
vicinity of the S.S. Badger, as presented above, presume a frame of reference moving at the 
speed of the carferry. At any given location in the lake, ambient TSS and turbidity elevated by 
the S.S. Badger’s discharge will be a transient occurrence, because the solids in the coal ash 
slurry will be lost via settling through the water column following passage of the ship. Rates of 
settling for coal ash solids (fly ash and bottom ash) were reported by Kim et al. (1983). Settling 
rates were measured for fly ash from four power plants, each tested at different initial slurry 
concentrations. For the slurry concentrations closest to the S.S. Badger’s coal ash slurry 
discharge concentration, the fly ash settling rates ranged from 0.143-0.299 ft/min (0.04360 – 
0.0911 m/min). Bottom ash, in comparison, settled much faster; 2 minutes of settling removed 
98% of the bottom ash from the experimental apparatus. By modeling the lake’s epilimnion as a 
completely-mixed reactor, the rate of loss of coal ash slurry solids as a function of the settling 
velocity can be calculated: 
 

  
  
where: 
 
 C = coal ash slurry solids concentration (mg/L) 
 h = depth of epilimnion (10 m) 
 vs = settling rate (m/s) 
 
The solution to this equation is: 
 

  
 
where: 
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 Co  = initial coal ash slurry solids concentration (mg/L) 
 
According to this solution, the concentration of coal fly ash slurry solids will decrease by 50% in 
1.27 to 2.65 hours, for high and low settling rates, respectively. Ninety percent concentration 
declines will occur in 4.21 to 8.80 hours. Since the slurry discharged by the S.S. Badger is a 
combination of fly ash and bottom ash (the latter which, according to Kim et al. (1983), settled 
much faster), the overall rate of decline in coal ash slurry solids will occur faster than the times 
calculated here. 
 
 
7. SUMMARY AND CONCLUSIONS 
 
This report was prepared to provide interpretation and evaluation of the ecological impacts of the 
suspended solids and turbidity associated with the coal ash slurry discharges from the S.S. 
Badger carferry to the open waters of Lake Michigan. Coal ash slurry is discharged during about 
2 ½ hours of the S.S. Badger’s four-hour voyage across Lake Michigan, between the ports of 
Ludington, MI and Manitowoc, WI. According to the Vessel General Permit, the discharge of 
ash slurry occurs when the S.S. Badger is more than 5 nautical miles from shore, in water over 
100 feet in depth while underway at not less than 6 knots. The solids content of the coal ash 
slurry discharge is in the range of 2,500 mg/L to 3,100 mg/L. 
 
A literature review was conducted to find the best available information to characterize the 
dilution of wastewater discharges from moving vessels. The dilution achieved behind a moving 
self-propelled vessel has been estimated in a variety of ways. For a cruise ship traveling at 8 
knots and discharging wastewater at a rate of 200 m3/hr, Colonell et al. (2000) calculated initial 
(near-field) dilution of 2,500:1 (within about a minute) and far-field dilution of 25,000:1 (<5 days) 
using the CORMIX1 model. Based on this same model, EPA (2002) calculated that effluent 
discharges from cruise ships operating in Alaskan waters were expected to undergo initial dilution of 
approximately 40,000:1.  
 
A Scientific Advisory Panel (SAP) reporting to the Alaska Cruise Ship Initiative (Atkinson et al., 
2001) presented a simple approach to estimating dilution factors that was applicable to a variety 
of ships and locations of discharge ports. A dilution factor can be calculated by comparing the 
rate the ship moves through a volume of water to the rate of the effluent discharge. For the S.S. 
Badger, a dilution factor of 15,425:1 was calculated based on the SAP formula (Atkinson et al., 
2001). A Cruise Ship Plume Tracking Survey was conducted by EPA to measure the dispersion 
of cruise ship wastewater discharges while in transit. The study found that discharges behind 
cruise ships moving at between 9 and 17 knots were diluted by a factor of between 200,000:1 
and 640,000:1.  
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Although it is likely that the dilution of coal ash discharge behind the S.S. Badger is similar to 
the dilution measured for cruise ship wastewater discharges, based on our review of the literature 
we believed that it was most appropriate to consider a range of dilution factors for the S.S. 
Badger’s coal ash slurry discharge. A lower-bound estimate of 15,425:1 was provided by the 
SAP formula, while the most conservative of the dilution factors measured in the Cruise Ship 
Plume Tracking Survey, 200,000:1, represented a conservative an upper-bound estimate. Based 
on these estimates, ambient suspended solids concentrations of 0.013 to 0.201 mg/L were 
calculated following the initial mixing of coal ash slurry discharged by the S.S. Badger. 

While the discharge of coal ash slurry from the S.S. Badger has been quantified and TSS 
concentrations diluted in Lake Michigan water have been estimated based upon dilution ratios, it 
was necessary to relate these quantities to turbidity in order to evaluate the potential ecological 
impacts. Turbidity/TSS ratios calculated using data from fly ash and bottom ash wastewater 
samples were applied to calculate ambient turbidity values (following dilution in the ship’s 
wake) of 0.004 to 0.08 NTU. The upper-bound estimate of turbidity imparted by the S.S. 
Badger’s coal ash slurry discharge (0.080 NTU) is much lower in comparison to water quality 
standards promulgated by several states, as well as in comparison to EPA’s drinking water 
standard for turbidity. 

A review of the scientific literature on effects of turbidity and suspended solids on freshwater 
aquatic life was also summarized. Adverse effects were not observed at turbidities below 5-10 
NTU. Given that the highest ambient turbidity calculated from the S.S. Badger’s coal ash slurry 
discharge, the turbidity/TSS ratio, and the dilution factor in the previous sections is 0.080 NTU, 
it appears very unlikely that the turbidity contributed by this discharge would have an adverse 
effect on the Lake Michigan ecosystem. 
 
The significance of the S.S. Badger’s coal ash slurry discharge was further evaluated by 
comparing it’s magnitude to other known sources of turbidity and suspended solids in Lake 
Michigan. The overall rate of solids loading in the lake has been measured as particle settling 
fluxes in southern Lake Michigan using sediment traps (Eadie, 1997). If the solids in the coal ash 
slurry discharge were deposited uniformly over the 1,000 mi2 area covered by the S.S. Badger’s 
course over a season, it would represent a solids flux of 0.0042 gm/m2/d, about 1% of the 
deposition flux delivered to the near surface waters of northern Lake Michigan during the 
stratified period as measured by sediment traps. If instead, the solids in the coal ash slurry 
discharge were deposited within a 1 mile wide “track” of the S.S. Badger across the lake, the 
solids flux would be 0.11 gm/m2/d, still only about 30% of the deposition flux measured in 
sediment traps. 
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Near surface TSS and turbidity data from monitoring stations located near the S.S. Badger’s 
route were also compared to the upper-bound estimates of ambient TSS and turbidity contributed 
by the coal ash slurry discharge of the S.S. Badger. It was calculated that this discharge may 
locally increase TSS in Lake Michigan by 13 to 35% (average 21%), and turbidity by 11 to 35% 
(average 19%). The maximum ambient TSS and turbidity expected in the vicinity of the S.S. 
Badger, obtained by adding the highest values tabulated above to the upper-bound contributions 
expected from the S.S. Badger’s discharge, are 1.73 mg/L and 0.83 NTU. These values are still 
well below concentrations associated with adverse effects to aquatic life. 

At any given location in the lake, ambient TSS and turbidity elevated by the S.S. Badger’s 
discharge will be a transient occurrence, because the solids in the coal ash slurry will be lost via 
settling through the water column. According to this process, the concentration of coal fly ash 
slurry solids will decrease by 50% in 1.27 to 2.65 hours, for high and low settling rates, 
respectively. Ninety percent concentration declines will occur in 4.21 to 8.80 hours. Since the 
slurry discharged by the S.S. Badger is a combination of fly ash and bottom ash (the latter which, 
according to Kim et al., settled much faster), the overall rate of decline in coal ash slurry solids 
will occur faster than the times calculated here. 

In summary, GLEC examined the possible impacts of the discharge of coal ash slurry from the 
S.S. Badger to Lake Michigan from a number of perspectives, and found no indication that the 
suspended solids or turbidity predicted to result from this discharge would be harmful to aquatic 
life. Although it was necessary to use data from a variety of sources to conduct this analysis, 
these data are believed to be reasonably representative. When variability or uncertainty in a 
particular parameter was encountered, calculations were repeated using upper- and lower- bound 
values. With regards to TSS and turbidity, more precise evaluation of the S.S. Badger’s coal ash 
slurry discharge would require collection of site-specific data; however, such an effort appears 
unwarranted at this time given that the levels of suspended solids and turbidity associated with 
this discharge are well below values known to cause adverse effects to aquatic life present in the 
Lake Michigan ecosystem.
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