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What do we know regarding the biomagnification process?

• Sulfate (SO4
2-) + low-to-no dissolved oxygen (O2) increases activity of sulfate-

reducing bacteria (SRB);

• SRB in the presence of inorganic mercury (Hg2+) generate methyl mercury 
(CH3Hg+) as an accident/by-product of respiration;

• Methyl mercury is retained in biological tissue more significantly than inorganic 
mercury because of the additional –CH3 (methyl) group;

• Bioaccumulation of methyl mercury occurs because the depuration (loss) rate of 
methyl mercury from biological tissue is much lower/slower than the loss rate of 
inorganic mercury;

• Biomagnification happens through the trophic transfer of bioaccumulated 
methyl mercury from small prey species to larger prey (or predator) species to 
largest predator species (including humans)



Zhang et al., 2020, https://doi.org/10.1029/2019GB006348

https://doi.org/10.1029/2019GB006348


Think about risk profiles for different locations in terms of:

• Physical factors – what is the burial rate of contamination based on the 
geological background (i.e., how much sediment is available for burying 
contamination quickly to a depth below the biological mixed depth or biologically 
active zone?); how to hydrodynamics impact stable burial?

• Chemical factors – what factors are present that can create the conditions in 
which SRB are active? Factors of concern are those that contribute sulfate (SO4

2-)  
and biochemical oxygen demand (BOD) such that significant O2 consumption 
occurs. Factors can be anthropogenic but aren’t always. 

• Biological factors – what are the species of concern and what do trophic transfer 
pathways look like? For human health concerns, what are the frequency and 
frameworks for consumption (i.e, recreational and infrequent vs frequent and 
culturally or socio-economically significant)?  



PHYSICAL
Sufficient sedimentation 

and low erosion potential 
to allow for stable burial

BIOLOGICAL
Multi-trophic level 

food chains with a top 
predator species that 

is frequently 
consumed

CHEMICAL
Factors that contribute BOD 
and sulfate (SO4

2-) and result 
in rapid O2 consumption  

= [Wabigoon River, ON]

= [Penobscot Estuary, ME]

= [subtropical embayment]

= [active margin slope]

Think of this overview of 
risk profiles as describing 

orbits around a worst-case 
ecological and human 

health scenario



Site Examples or Comparison

Wabigoon River, Ontario

• Glaciated terrain and very low sed. rates    
(~ 0.3 cm /yr)

• Walleye and Northern pike as TL4 species; 
consumption is culturally significant

• Mill effluent renders the river 
suboxic/anoxic in summer; stratification of 
an in-river lake contributes to > 2 ug/g in 
walleye.

• Surface sediment mercury concentrations 
exceed 50 mg/kg in vicinity of a mill and are 
elevated consistently > 1 mg/kg for a 
distance of ~ 40 miles downstream.

• Downstream human health impacts are 
severe with multi-generational 
manifestation; fish are consumed whether 
or not a consumption restriction is in place.

Penobscot River Estuary, Maine

• Glaciated terrain and low sed. rates (~ 0.5 cm/yr)

• Lobster as a TL2 species; in terms of frequency, 
consumption is not culturally significant; TL4 
specie is American eel – may be an ecological 
concern, but not an acute HH concern.

• Biogeochemical concerns due to wood waste – 
elevated % methylation on marshes; most 
concerning trophic transfer pathway to marsh 
species is via terrestrial food web for migratory 
songbirds.  

• Surface sediment concentrations < 10 mg/kg in 
vicinity of site and < 1 mg/kg across majority of 
the estuary.

• No acute, severe or obvious human health 
concerns; species of greatest consumption have 
consumption restrictions in place via licensing 
structure/programs.



• The Penobscot River is the second largest 
river system in New England

• The estuary is:

• ~20 miles long

• 12 ft tidal range

• Seasonally variable discharge: 

• 5000 – 60,000 cfs 

• Glaciated terrain and a long narrow river 
channel upgradient of Frankfort

• A mercury cell chlor-alkali facility 
operated in the estuary from 1967 – 2000

• Preceding history of wood products 
industry complicates remediation of the 
estuary and extends a recovery timeline 
to 50+ years





The other industrial history of the river….

9

[Bloom, 1971; UMaine MS Thesis]



Wood Waste – 2017 Field Sampling



Bucksport Mill Pile:

• Dotted contours = 2016 

• Solid contours = 2017 

• 2016 Thickness = 8 feet

• 2017 Thickness = 6 feet

2017 Location
(Summer)

2016 Location
(Spring)

Wood Waste – Results 
 

2017 Geophysical Survey



• This material:
• is lower density than mineral sediment and so is transported differently 

through the freshwater-saltwater mixing zone in the estuary;

• has a higher water content than mineral sediment and so has different 
material handling needs if dredged as a component of restoration;

• doesn’t break down underwater so loss is mostly by washing out of the 
estuary; size of the tides makes this a very slow process (1-2% per year?);

• has absorbed mercury discharge over the years

• Its transport onto marshes may partially explain very high mercury 
exposure and uptake rates for sparrows in the Penobscot estuary  

• Its presence may still be impacting the benthic food web (lobster)

• (Whose responsibility is this co-occurring contaminant?)

How does this information impact the restoration and 
recovery of the Penobscot estuary ecosystem?



Site Examples or Comparison

Wabigoon River, Ontario

• Glaciated terrain and very low sed. rates    
(~ 0.3 cm /yr)

• Walleye and Northern pike as TL4 species; 
consumption is culturally significant

• Mill effluent renders the river 
suboxic/anoxic in summer; stratification of 
an in-river lake contributes to > 2 ug/g in 
walleye.

• Surface sediment mercury concentrations 
exceed 50 mg/kg in vicinity of a mill and are 
elevated consistently > 1 mg/kg for a 
distance of ~ 40 miles downstream.

• Downstream human health impacts are 
severe with multi-generational 
manifestation; fish are consumed whether 
or not a consumption restriction is in place.

Penobscot River Estuary, Maine

• Glaciated terrain and low sed. rates (~ 0.5 cm/yr)

• Lobster as a TL2 species; in terms of frequency, 
consumption is not culturally significant; TL4 
specie is American eel – may be an ecological 
concern, but not an acute HH concern.

• Biogeochemical concerns due to wood waste – 
elevated % methylation on marshes; most 
concerning trophic transfer pathway to marsh 
species is via terrestrial food web for migratory 
songbirds.  

• Surface sediment concentrations < 10 mg/kg in 
vicinity of site and < 1 mg/kg across majority of 
the estuary.

• No acute, severe or obvious human health 
concerns; species of greatest consumption have 
consumption restrictions in place via licensing 
structure/programs.



Grassy Narrows ANA Community – This is Living Downstream
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Toronto Star
November 11, 2017

LINK

Grassy Narrows ANA Community

https://www.cbc.ca/news2/interactives/children-of-the-poisoned-river-mercury-poisoning-grassy-narrows-first-nation/


Walleye (1970 – 2017)





• 1400 data pairs
• Salinity continuum
• Range in organic carbon 

concentration and quality  
• Range in level of 

contamination
• Variable sources

Note that the relationship in this graph is descriptive 
of sampling conditions; it is not predictive of remedial 
response (meaning: we should be careful of trying to 

over-specify the extent to which decreasing HgT 
necessarily results in predictable declines in MeHg).

Relationship between total mercury (HgT) and 
methyl mercury (MeHg) in sediment

Figure from:  Cossa et al. 2013. A Michaelis–Menten type equation for describing methylmercury dependence on inorganic mercury in aquatic sediments. Biogeochemistry. 119, 35–43.



How Do These Data Distribute by Source/Type of Environment?

Figure from:   Hsu-Kim et al. 2018. Challenges and Opportunities for managing aquatic mercury pollution in altered landscapes. Ambio. 47: 141-169.

Note that the relationships 
in this graph are descriptive 

of sampling conditions; 
they are not predictive of 

remedial response 
(meaning: we should be 
careful of trying to over-

specify the extent to which 
decreasing HgT necessarily 

results in predictable 
declines in MeHg).



Important to remember that not all 
industrial facilities that may be 

sources of mercury to the 
environment are onshore.



Mercury cell chlor-alkali process

Facility operations not uncommonly released      
~ 10 tons of mercury into adjacent waters (plus 
poorly quantified volumes volatilized into the 

atmosphere and spilled onto site soils)







So, where 
is oceanic 
mercury 
coming 
from?

~ 0.2 ug/g

~ 1.0 ug/g







Also…is this what a tipping point looks like…?



And on a smaller (individually) but no less dangerous 
(individually AND globally) scale….

(gold mining is extraordinarily dangerous for those who 
have to feed their families this way….)



Serra Pelada, Brazil

Photographer: 
Sebastiao Salgado

(1944 - 2025)

1986 – 1989 | gold mine



- Atmospheric emissions



https://doi.org/10.1029/2019GB006348 https://doi.org/10.1016/j.marchem.2016.09.005

https://doi.org/10.1016/j.marchem.2016.09.005




Consider this as a typical dO2 profile & Atlantic basin transect under a past version 
of ocean conditions and what warming of the oceans is changing



• Significant organic matter 
breakdown consumes dissolved 
oxygen (dO2); 

• Sulfate (SO4
2-) + very low dO2 

increases activity of sulfate-
reducing bacteria (SRB);

• SRB in the presence of 
inorganic mercury (Hg2+) 
generate methyl mercury 
(CH3Hg+) as a by-product of 
respiration;

• CH3Hg+ is 100× more toxic than 
Hg2+  and is retained in 
biological tissue to a greater 
extent than Hg2+



PHYSICAL
Thermohaline Circulation       

(+ time since the Industrial 
Revolution and significant 

global increase in coal 
combustion)

BIOLOGICAL
Most significant 

bioaccumulation step 
is between water 

column and uptake by 
phytoplankton

CHEMICAL
Factors that contribute BOD 

and result in O2 consumption 
(there’s no shortage of SO4

2-); 
consider this spatially  

= Photic Zone (CMZ)

Think of this overview of 
risk profiles as describing 

regions of the global ocean 
and considering residence 

time (τ) in the oceans

= North Atlantic + Polar

= Upwelling Zones

= OMZ
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