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Abstract 

The objectives of this thesis were: (1) to develop a mass balance partitioning model 

of the natural uranium-238 series comprising radium-226, lead-210 and 

polonium-210 and (2) to apply the model to estimate the source and fate of these 

radionuclides in freshwater lakes and streams.  Samples were collected from 

Ottawa River watershed tributaries and measured for lead-210 and polonium-210 

content to determine the water concentrations that were input to the model.   

The radium-226 partitioning model was developed by reconstructing and analyzing 

Quantitative Water, Air, Sediment Interaction (QWASI) models of lead for Lake 

Ontario and Hamilton Harbour and selecting parameters for an updated QWASI 

model of lead for a Lake Ontario basin.  This study gave insight about model basis 

definition, and partition coefficient and sediment particle constraint.  The 

radium-226 series model was formulated by connecting separate QWASI modules 

for radium-226, lead-210 and polonium-210 with decay and ingrowth terms.  The 

radium-226 model was applied to studies of Crystal Lake, Wisconsin; Bickford Pond, 

Massachusetts; and Clinton River, Michigan, using parameters reported in these 

and other studies.  Model error was evident in the applications to Crystal Lake due 

to underlying lake heterogeneity, to Bickford Pond due to unidentified sources of 

lead-210 from sediment diffusion or watershed runoff, and to Clinton River from 

watershed runoff.   

The model was applied to seven Laurentian Shield lakes in the Ottawa River 

watershed using the sample measurements as the basis for water concentration 

inputs.  The application showed that hydrologic flushing rate may be a factor in the 

proportion of watershed atmospheric deposition and overall Pb-210 input to the 

water.  Laurentian Shield Lakes with the lowest hydrologic flushing rates (<3 a-1) 

had proportions of Pb-210 losses to sediment greater than 85%.  In another 

application to Judge Sissons Lake, Nunavut, the model indicated that the watershed 

was the source of about 85% of Pb-210 and 98% of Po-210 input to the water, and 

that a significant geologic component of Pb-210 input to the lake was likely.  The 

model indicated that most of the Pb-210 in Judge Sissons Lake was lost to outflow, 

and that most of the Po-210 was lost to sediment.   

The model showed that sedimentation is a better proxy measurement for 

atmospheric deposition of Pb-210 to the Laurentian lakes than originally estimated.  

The model also showed that watershed contributions to Judge Sissons Lake could 

explain the observed background concentrations of Pb-210 and Po-210.   
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Statement of Originality 

Chapter 2 

I studied the QWASI aquivalence model for lead in Lake Ontario and Hamilton 

Harbour developed by Dr. Donald Mackay et al to identify challenges to the planned 

extension to the Ra-226 series nuclides.  I expected that the QWASI aquivalence 

model applications would be internally and mutually consistent.  I studied the 

model partly by verifying and adapting the HERMES mercury model developed by 

Dr. Adrienne Ethier et al. to the QWASI lead formulation.  I reproduced QWASI 

aquivalence model applications and confirmed the sources for the parameters cited.  

I found no unexpected inconsistencies among the QWASI aquivalence model 

applications, but two of the three did not constrain particle flux for molar 

conservation.  Further, I found that input and output concentrations were not 

consistent, which I addressed with a modification of the basic QWASI aquivalence 

model to differentiate between diffusion from water to sediment and from sediment 

to water.  I implemented the diffusion modification and particle conservation 

constraint to the existing applications.  I applied the updated model of lead in Lake 

Ontario using some parameters from a rate constant study, and to a Lake Ontario 

basin using a combination of parameters representing a new application.   

Chapter 3 

The updated QWASI aquivalence model was applicable to lead but needed to be 

further developed for the Ra-226 series, and a method was required to fit 

parameters for specific applications.  I expected that the model would be applicable 

to Pb-210 using many of the existing parameters and could be extended to Ra-226 

and Po-210 by selection of appropriate parameters from existing studies and the 

literature.  I expected that the separate modules could be connected by terms for 

decay and ingrowth.  I developed the Ra-226 model by linking the updated QWASI 

modules with terms for loss and ingrowth by decay for Ra-226, Pb-210 and Po-210.  

I assigned parameters to this model from previously published studies of Crystal 

Lake, Wisconsin; Bickford Pond, Massachusetts; and Clinton River, Michigan; and 

other sources, and adjusted the parameters in an optimization process developed 

from the Chapter 2 study.  The results indicated that the model was extendable to 

each of the selected Ra-226 nuclides, and that modules could be linked to account 

for radioactive decay and ingrowth.  The developed method was effective in 

adjusting parameters to the data in the original studies.  Comparison of the Ra-226 

model to the original dynamic study models revealed discrepancies, attributed 

either to the original models missing episodic events, and / or to the inability of the 

steady-state Ra-226 model to represent the effects of parameter variation by single 

expected values.   

Chapter 4 

Two hypotheses were investigated in Chapter 4 with the Ra-226 series model 

developed in Chapter 3.  The first question was whether the sedimentation 
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proportion of Pb-210 losses from the water in a set of Laurentian lakes was as low 

as estimated in a previous study (CORNETT, 1984).  The second question was 

whether water and sediment measurements of Judge Sissons Lake at the proposed 

Nunavut mine site (GUERIN, 2012) indicated a watershed contribution to Pb-210 

and Po-210 concentrations.  I augmented the Laurentian lakes study data with 

measurements of water from local streams.  I selected sample locations, collected 

samples and with Soroush Fard I performed wet chemistry operations in the A. E. 

Lalonde actinide laboratory at the University of Ottawa under the direction of Dr. 

Robert Cornett.  Dr. Cornett performed the alpha spectrometry measurements and 

Cole MacDonald and Dr. Barbara Francisco performed the Inductively-Coupled 

Plasma Source Mass Spectrometry (ICP-MS) measurements.  I applied the Ra-226 

model to the original studies using data from these and other sources.  I used the 

Ra-226 model to estimate lake process rates in the original studies.  The 

sedimentation rates in the Laurentian lakes were concluded to be higher than 

originally estimated: above 85% in five of the seven lakes.  I concluded that the 

watershed was the source of most of the Pb-210 and Po-210 in Judge Sissons Lake 

water and sediment, and further that a significant proportion from the watershed 

may originate in the ground.   
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1 Introduction 

Naturally occurring radioactive material (NORM) occurs in all media and includes 

radionuclides of the U-238 decay series (RPB, 2011).  Natural uranium is 99.3% 

U-238 (MEIJA, 2016).  Uranium occurs in a variety of igneous, metamorphic and 

sedimentary rock, and at concentrations greater than 1 ppm in phosphate minerals, 

shale, granite, and coal (IAEA, 2003).  The earth’s crust contains about 2.7 ppm 

uranium on average (RUDNICK, 2014), corresponding to a U-238 concentration of 

33 Bq/kg in secular (long-term) equilibrium with the nuclides of its decay series in 

unweathered rocks (IAEA, 2017).  As such, uranium ores contain about 0.5 g of 

Ra-226 and 0.1 mg of Po-210 per ton of U-238 (BAGNALL, 1962).  Radionuclides of 

the U-238 series can become concentrated by industrial extraction and processing 

of uranium ore, metals, fossil fuels, phosphates and rare earths (IAEA, 2003) as 

Technologically Enhanced NORM (TENORM) (RPB, 2011).  Radium is identified as a 

significant industrial pollutant in soil and water (IAEA, 1990).   

This thesis concerns the transport of Ra-226, Pb-210 and Po-210 in dissolved, SPM 

and sediment phases into, through and out of freshwater bodies.  A partitioning 

mass balance model was adapted and applied to account for inputs from the 

atmosphere and watershed of lakes and streams to water outflow and sediment.  

Partitioning is the process by which a molecule or element changes phase among 

gas, liquid and solid.  The original partitioning model had been applied to the base 

metal lead.  Those parameters and applications were considered for relevance to 

the isotope Pb-210.  The model was extended further to the semimetal polonium 

represented by Po-210, and to the alkaline earth radium represented by Ra-226.  

The three modules were linked by terms representing radioactive decay and 

ingrowth.   

1.1 RA-226 SERIES 

The Ra-226 series, neglecting intermediate products of Rn-222 having half-lives 

less than one day represented by “⇒”, is (IAEA, 2017): 

 𝑅𝑎
1602𝑎
→    𝑅𝑛222 3.82𝑑

⇒   𝑃𝑏210 22.2𝑎
→   𝐵𝑖210 5.01𝑑

→   𝑃𝑜210 138𝑑
→   𝑃𝑏206226  (1) 

Several processes can separate the nuclides of the Ra-226 series and create 

conditions of disequilibria (unequal rates of radioactive decay), among them: 

migration of Rn-222 (a noble gas) into water and vapour phases, solid phase 

adsorption, and biota uptake (IAEA, 2017).   

Bi-210 reaches equilibrium with Pb-210 over a much shorter interval than Po-210, 

so that a disequilibrium resulting from a deficit of Bi-210 has little effect on the 

evolution of Po-210 (IAEA, 2017).  Bi-210 is disregarded in this thesis.   

The exhalation of Rn-222 from soil results in a deficiency of Pb-210 relative to 

Ra-226.  Atmospheric deposition of Pb-210 creates excess in oceans, from which 

the exhalation rate of Rn-222 is orders of magnitude lower (IAEA, 2017).  The 
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mean residence time of air masses in the troposphere (the lowest several 

kilometers of the atmosphere where weather occurs) is about 20 days, resulting in 

secular equilibrium of the intermediate products of Rn-222 decaying to Pb-210 

(BURTON, 1960).  In the atmosphere, these nuclides become associated with 

aerosols that are subject to removal primarily by scavenging wet deposition and 

rain washout, and secondarily by dry deposition (IAEA, 2017).  Rn-222 is 

disregarded in this thesis.   

Knowledge of the behavior of Pb-210 is needed to assess its significance in the 

effluent from uranium mine tailings (CORNETT, 1984).  The transport of nuclides in 

freshwater systems is influenced by sorption onto solids.  Contaminant loading to a 

lake from discharges due to industrial activity can be moderated by suspended 

particulate matter (SPM) sorption and extended by desorption and diffusion from 

sediment (MCKEE, 1987).  Mine effluent and other industrial sources can increase 

the concentration of Po-210, which is a significant natural source of human 

ingestion doses and of total dose among certain populations and species 

(UNSCEAR, 2000)1.   

Pb-210 is often used to establish chronologies in lake sediments (CORNETT, 1984).  

The literature is lacking studies of both Pb-210 and Po-210 in the phases of a 

freshwater system: dissolved, colloidal, suspended particulate, settling particulate, 

sediment and porewater (CHAI, 2004).  Knowledge of the distribution of Pb-210 

and Po-210 in freshwater systems is sparse relative to the ocean (MUDBIDRE, 

2014).  This study can contribute to that knowledge. 

1.2 PB-210 TRACER 

Pb-210 is an established geochronological sediment tracer.  Although it is natural 

and ubiquitous, the experimenter must determine the rate of supply.  Pb-210 is 

used first in studies of Greenland snow accumulation (GOLDBERG, 1963) and 

subsequently of freshwater sedimentation (KRISHNASWAMY, 1971).  These studies 

assume that the Pb-210 inputs are entirely atmospheric and constant.   

The source of Great Lakes Pb-210 in sediment is discerned between the atmosphere 

and lateral redistribution only by extensive measurements over the sediment area 

(ROBBINS, 1975).  Atmospheric and terrigenous sources of Pb-210 for dating are 

also confounded by source regional variability, aquatic residence time, 

sedimentation processes and compaction (EDGINGTON, 1976).  The sediment 

dating method can account for changing rates of Pb-210 accumulation over time 

with a constant initial concentration (CIC) model, or with a constant rate of supply 

(CRS) of model if the rate of sedimentation over time can be estimated (APPLEBY, 

1978)(CORNETT, 1992).  Any given lake will fall somewhere between the models, 

depending on the total pool of lake water Pb-210, partitioning of Pb-210 between 
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dissolved and SPM-adsorbed forms, bulk sedimentation rate, and hydrologic 

flushing rate (BINFORD, 1990).   

The study of Pb-210 sedimentation is relevant to sediment dating and 

sedimentation rate studies, and to assimilation of other contaminants.  A known, 

constant supply of atmospheric Pb-210 is assumed to determine Pb, Zn, As, and Cd 

accumulation in Adirondack region lake sediments (KADA, 1992).  Watershed 

contribution is controlled in a Belgian study by measuring sediment from standing 

ponds (PETIT, 1984).   

There are lakes for which neither the water residence time nor the ratio of 

watershed to lake area are related to the sediment lead concentration.  In these 

cases the only source of lead to the lake surface is the atmosphere (DILLON, 

1982).  Conversely in the study of Pb-210 in Laurentian lakes sediment, a 

significant portion of the total inputs are concluded to be lost to outflow.  The most 

important factor in the calculation of atmospheric deposition sediment 

measurements is the sedimentation proportion (CORNETT, 1984).  A study of 51 

North American lakes confirms that the hydrologic flushing rate is a significant 

factor in the initial (sediment deposition) concentration of Pb-210.  This initial 

concentration is a key parameter in Pb-210 sedimentation models.  A divergence 

between correlation of initial concentration with water residence time and no 

correlation is shown at a water residence time of about 2 years.  At the lower water 

residence times where the correlation exists, the CIC model may be better because 

sedimentation efficiency is limited.  For residence times longer than 2 years, and 

more likely in seepage than drainage lakes, the CRS model may better reflect 

complete sedimentation.  The significance of the hydrologic flushing rate, and other 

factors including sediment mixing, acidification, resuspension and diffusion differ 

among lakes (BINFORD, 1993).   

Estimation of atmospheric deposition of Pb-210 by freshwater sedimentation has 

advantages over precipitation sample collection.  Although precipitation is the 

primary atmospheric removal mechanism, measurement of collected samples is 

challenged by seasons, wind direction, and local variation.  Where measurements 

involve stable lead, dry collectors are also required, particularly near urban areas.  

Stable lead and Pb-210 measurements of freshwater samples can have significant 

uncertainty that is not associated with sediment samples (EVANS, 1986).   

1.3 STUDY LAKES 

Lakes and streams were selected for Ra-226 model application based on criteria to 

achieve two objectives.  The Chapter 3 lakes were considered suitable to test the 

adapted QWASI aquivalence model and parameter fitting method.  Crystal Lake, 

Wisconsin is without tributaries or outflow, limiting the main processes controlling 

lake concentrations of the Ra-226 series to atmospheric deposition, sedimentation, 

and perhaps groundwater seepage or watershed runoff.  Studies provide detailed 

measurements of Pb-210 and Po-210 in the water and adsorbed to SPM, and of 
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atmospheric deposition and sedimentation of Pb-210.  (TALBOT, 1983)(TALBOT, 

1984), Bickford Pond, Massachusetts is a lake similar to Crystal Lake in area and 

depth but has tributaries and outflow.  Studies report measurements very similar to 

Crystal Lake (BENOIT, 1987)(BENOIT, 1990).  Both Crystal Lake and Bickford Pond 

studies include detailed dynamic models that availed comparison with the Ra-226 

model.  A study of Clinton River, Michigan reports measurements of Pb-210 and 

Po-210 in the water and adsorbed to SPM from samples taken along several 

kilometers of its course.  The study provided a contrast to Crystal Lake since it was 

dominated by inflow and outflow (MUDBIDRE, 2014).   

The updated partitioning model was applied to the Laurentian lakes study of seven 

lakes in the Ottawa River watershed.  In the original study, lake sediment is 

measured to estimate sedimentation rates, and soil is measured to estimate 

atmospheric deposition rates.  A constant proportion of atmospheric deposition to 

each watershed area is assumed as the component of runoff to the lakes.  Random 

samples from 25 locations at each lake establish that there is little focusing 

(redistribution after sedimentation).  Pb-210 sedimentation rates, lake area and 

depth, watershed area, and estimated flow rate are reported for each lake 

(CORNETT, 1984).  The Ra-226 model was applied to this data, and to Pb-210 and 

Po-210 concentrations derived from measurements of samples from nearby lakes.  

The application was used to review the study finding that significant proportions of 

the Pb-210 inputs are lost to outflow.  The result is relevant to studies that use Pb-

210 as a tracer to determine the historical flux of contaminants to surface waters.   

The partitioning model was applied to the Kiggavik site in Nunavut.  The site is 

subject to an extensive study that supported an application for approval of a 

uranium mine in 2012.  Four open pit and one subterranean mine had been 

proposed at locations about 80 km wet of Baker Lake.  The studies report 

measurements of water and sediment samples from a network of lakes and streams 

in the watersheds of the proposed mine sites.  Regional air concentrations are 

reported (GUERIN, 2012).  The Ra-226 model was applied to Judge Sissons Lake, 

the largest in the Kiggavik drainage region (96 km2 area).  The application was 

used to determine the watershed proportion of Pb-210 and Po-210 inputs.  The 

result is relevant to understanding transport of the Ra-226 series in a watershed 

under natural conditions that contains locations which may be developed by the 

mining industry.   

1.4 PARTITIONING MODEL 

The fugacity concept is a simplification of gas behavior under ideal conditions 

(LEWIS, 1901).  Fugacity measures the escaping tendency from a phase, and was 

applied to chemical processing (MACKAY, 1982) and is used to evaluate equations 

of state in the laboratory.  It is an alternative to chemical potential for quantifying 

the transport of partitioning pollutants where concentration data are available in 

several phases (MACKAY, 1979).   
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Motivated by measurements of mercury in a river, the fugacity approach is 

developed as the Quantitative Water, Air, Sediment Interaction (QWASI) model 

(MACKAY, 1983).  QWASI is adapted for lead as a non-volatile species in Lake 

Ontario by reformulating the model using an equivalent aqueous (“aquivalent”) 

basis instead of fugacity and neglecting the vapour phase (MACKAY, 1989).  The 

aquivalent form is applied to a controlled study of lake enclosures spiked with 

radioisotope tracers to investigate water-sediment transfer dynamics (DIAMOND, 

1990).  A QWASI aquivalence calibration is developed for lead at Hamilton Harbour 

in Lake Ontario (LING, 1993)(DIAMOND, 1996).   

An aquivalence model is extended to interconverting chemical species (DIAMOND, 

1992) and formulated as an extension of the QWASI aquivalence model for three 

chemical forms of mercury using proportions of measured media concentrations 

(DIAMOND, 1999).  An innovation of the aquivalence interconversion model is to 

introduce a single key species and define other species by a “multiplier”, enabled in 

those phases where relative concentrations are constant (TOOSE, 2004).  The 

QWASI aquivalence mercury model is applied to Big Dam West, Nova Scotia using 

the “multiplier” method as Hg Environmental Ratios Multimedia Ecosystem Sources 

(HERMES) (ETHIER, 2008)(ETHIER, 2009).  The HERMES model is further 

developed as a research tool by calibrating it to predict of mercury concentrations 

in Lake Ontario water and sediment (ETHIER, 2012).   

QWASI aquivalence applications to Lake Ontario that vary under limited 

hydrogeologic conditions were reproduced and analyzed.  An updated model was 

developed comprising modules for Ra-226, Pb-210 and Po-210.   

The QWASI model represents equilibrium conditions (MACKAY, 1983) formulated at 

steady-state (unchanging with time) (MACKAY, 2001).  The equilibrium condition is 

a result of the formulation of flow processes for only the water medium in a steady-

state model.  Equilibrium is defined by phase concentrations that correspond to 

fixed distribution (partition) coefficients.  The QWASI model uses solid to liquid 

distribution coefficients, one for sediment (Kd) and another for SPM (Kp) (MACKAY, 

1983).  In the original QWASI aquivalence application, the distribution coefficients 

are inputs (MACKAY, 1989), but they could also be calculated from concentrations.   

The QWASI model is designed to predict water and sediment concentrations from 

parameters and processes of specific lakes and streams (MACKAY, 1983).  Each 

Ra-226 model application in this thesis comprised a unique combination of 

parameter inputs that included in some cases concentrations.  Priority in input 

selection was given to available data the subject study.  Judgement was applied to 

select values from other studies and the literature review where specific study 

values were not available.  Parameter sources and adjustments are documented to 

describe how the model was fit for each application.   

A characteristic of temperate lakes is spatial and temporal variation in 

concentration are driven by changes in process rates, much of which is associated 

with annual cycles.  The concentrations and process variables assumed or 
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calculated from study data or otherwise from the literature were intended to 

represent these ranges with single values.  Taken together, these assumed 

“expected values” (average or median) are unlikely to represent any instantaneous 

condition.  This discrepancy is a source of error beyond the scope of this thesis and 

is a limitation of the model.  Error is considered further in Chapter 2.   

1.5 THESIS OUTLINE 

This work is significant because it demonstrates development and application of a 

versatile partitioning mass balance model to provide insight to separate questions 

pertaining to sedimentation and watershed input of the key Ra-226 series.   

Thesis elements were developed in three chapters in a paper-based format.  The 

conclusion is presented in Chapter 5.   

1.5.1 LEAD PARTITIONING MODEL 

In Chapter 2 the study of the QWASI aquivalence multimedia partitioning model of 

lead in lakes is presented.  The original QWASI aquivalence application to Lake 

Ontario and subsequent applications to Hamilton Harbour (LING, 1993)(DIAMOND, 

1996) were reproduced, analyzed and updated.  The updated model was applied to 

a related rate constant model of Lake Ontario (THOMPSON, 1999) and to a Lake 

Ontario basin in a new scenario.  The model updates and constraints were 

analyzed, and significant processes were identified in preparation for development 

of the Ra-226 model.   

1.5.2 RADIUM SERIES MODEL 

In Chapter 3 the development of the Ra-226 model is presented.  Chapter 3 details 

the extension of the updated lead model to Pb-210, and in separate modules to 

Ra-226 and Po-210 connected by decay and ingrowth terms.  The Ra-226 model 

was applied to studies of the temperate Crystal Lake (TALBOT, 1984), Bickford 

Pond (BENOIT, 1987) and Clinton River (MUDBIDRE, 2014).  The method for 

selection and adjustment of parameters was developed and documented.  Potential 

sources of error and dominant processes for each application were identified.   

1.5.3 RADIUM SERIES IN FRESHWATER 

In Chapter 4 the Ra-226 model developed in Chapter 3 was applied to investigate 

two hypotheses: 

1. The proportions of Pb-210 input lost to the sediment of the Laurentian study 

lakes are as determined in the original study (CORNETT, 1984).   

2. The watershed contributes to Pb-210 and Po-210 in the water and sediment of 

Judge Sissons Lake (GUERIN, 2012).   
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2 Lead partitioning model 

2.1 INTRODUCTION 

QWASI is motivated by an interest in the recovery time (the time to return to 

natural conditions) for areas which have been contaminated by past emissions and 

are now experiencing concentration reductions due to transport, reaction or burial 

in sediments (MACKAY, 1983).  The aquivalence version of QWASI is demonstrated 

with lead to describe the processes of water and particle advection, wet and dry 

deposition, rainfall, sediment diffusion, and particle deposition, resuspension and 

burial (MACKAY, 1989).  Fugacity models can be customized by media and process 

for particular applications (MACKAY, 2001).   

The goal of Chapter 2 was to identify challenges to the planned development of the 

QWASI aquivalence model for the Ra-226 series.  The expectation was to find that 

the applications, as objectives, were correct and mutually consistent.   

The original QWASI aquivalence model and a variant that layered the water 

medium were reproduced and applications of them studied.  The original QWASI 

aquivalence application to polychlorinated biphenyl (PCB) and lead in Lake Ontario 

demonstrates capability to represent volatile chemical and heavy metal species 

(MACKAY, 1989).  Two studies report intermediate parameters that provide model 

insight: the original QWASI aquivalence application (MACKAY, 1989), and a study 

of Hamilton Harbour using a two-compartment QWASI aquivalence variant (LING, 

1993).  A second Hamilton Harbour study updates the original with revised input 

assumptions (DIAMOND, 1996).   

The QWASI aquivalence lead model was updated with a modification and new 

constraints were introduced for the applications.  The updated QWASI aquivalence 

lead model was applied to another study of Lake Ontario lead (that uses a similar 

process rate constant model with common inputs) (THOMPSON, 1999) and to a new 

scenario representing the Lake Ontario Mississauga Basin.   

The geochemistry of lead in Lake Ontario is complicated by large and variable 

industrial, municipal and natural inputs, and by intensified and temporally variable 

interactions with sediments and biota (COALE, 1989).  This variable component of 

model error was considered further in section 2.1.3.   

2.1.1 THE AQUIVALENCE MODEL 

QWASI is formulated from fugacity (MACKAY, 1983).  Fugacity is defined by 

making four assumptions (LEWIS, 1901): 

• a closed system (1st Law of Thermodynamics) 

• reversible phase changes (2nd Law of Thermodynamics) 

• the Ideal Gas Law equation of state 

• an internal energy datum (Gibbs free energy) 
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Fugacity capacity is formulated separately for gas, liquid and solid phases.  QWASI 

models use fugacity as the controlling variable instead of concentration, defined 

with the conjugate fugacity capacity as (MACKAY, 1989): 

 𝐶 = 𝔣𝑍 (2) 

where 

 C = concentration [M·L-3] 

 𝔣 = fugacity [M·L-1·T-2] 

 Z = fugacity capacity [T2·L-2] 

The ideal gas law equation of state, 𝑃𝑉 = 𝑛𝑅𝑇, is derived from kinetic theory by 

disregarding molecular interactions.  For an ideal gas, vapour pressure P → 𝔣, and 

the fugacity capacity of the gas phase ZA is a function of temperature: 

 
𝑛

𝑃𝑉
=
1

𝑅𝑇
 (3) 

 𝑍𝐴 =
𝐶𝐴
𝑓
=
1

𝑅𝑇
 (4) 

where 

 P = pressure [M·L·T-2] 

 V = volume [L3] 

 n = mols [N] 

 R = ideal gas law constant [M·L2·N-1·T-2·θ-1] 

 T = temperature [θ] 

For a liquid phase with a solute sufficiently dilute at equilibrium that chemical 

interaction can be neglected, Henry’s Law is an expression equivalent to the 

fugacity capacity of the liquid phase ZW:  

 𝐻 =
𝑃𝑉
𝑆

 (5) 

 𝑍𝑊 =
𝐶𝑊
𝑓
=
𝑆

𝑃𝑉
=
1

𝐻
 (6) 

where 

 H = Henry’s law (mass) solubility constant [L2·T-2] 

 S = chemical solubility [M·L-3] 

 PV = liquid vapour pressure [M·L-1·T-2] 
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The fugacity capacity of the solid phase is expressed by the linear sorption isotherm 

definition (that assumes a constant concentration ratio between solid and aqueous 

phases) for the sediment distribution (partition) coefficient Kd: 

 𝐾𝑑 =
𝐶𝑆
𝐶𝑊𝜌𝑆

 (7) 

 𝑍𝑆 =
𝐶𝑆
𝑓
=
𝐶𝑊𝐾𝑑𝜌𝑆
𝑓

=
𝑆𝐾𝑑𝜌𝑆
𝑃𝑉

 (8) 

where 

 ρS = sediment density [M·L-3] 

The fugacity capacity is characteristic of the chemical species, medium, and 

temperature.  The fugacity formulation is not feasible for metals, organometals, 

ionic compounds and some organics that have a low or unknown liquid vapour 

pressure PV, since it leads to arbitrarily large water and solid fugacity capacities.  

Chemical solubility S may be unknown or uncertain as well.   These situations can 

be overcome by factoring out PV and S from the fugacity capacities and neglecting 

the air vapour phase.  This is the key feature of the QWASI aquivalence models.  By 

this factoring, instead of the fugacity capacity, a dimensionless aquivalence 

capacity, ℤ, having a unit value for the liquid phase, and aquivalence, 𝔸, having 

concentration units.  Table 1 summarizes the fugacity and aquivalence formulations 

and dimensions (MACKAY, 1989).   

Table 1.  Fugacity and aquivalence formulations and dimensions 

Quantity Unit Symbol Air Water Solid 

Fugacity capacity 
𝑇2

𝐿2
 𝑍 

1

𝑅𝑇
 

𝑆

𝑃𝑉
 

𝑆𝐾𝑑𝜌𝑆
𝑃𝑉

 

Fugacity 
𝑀

𝐿𝑇2
 𝑓 𝐶𝐴(𝑅𝑇) 𝐶𝑊

𝑃𝑉
𝑆

 𝐶𝑆
𝑃𝑉

𝑆𝐾𝑑𝜌𝑆
 

Aquivalence capacity - ℤ 
𝑃𝑉
𝑆(𝑅𝑇)

 1 𝐾𝑑𝜌𝑆 

Aquivalence 
𝑀

𝐿3
 𝔸 𝐶𝐴(𝑅𝑇)

𝑆

𝑃𝑉
 𝐶𝑊 

𝐶𝑆
𝐾𝑑𝜌𝑆
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Aquivalence capacity expressions are further defined for particle / water partitioning 

ℤP and aerosol dry particle / water partitioning ℤQ: 

air   ℤ𝐴 =
𝑃𝑉

𝑆𝑅𝑇𝑊
 (9) 

water   ℤ𝑊 = 1 (10) 

solid   ℤ𝑆 = 𝐾𝑑𝜌𝑆 (11) 

SPM   ℤ𝑃 = 𝐾𝑝𝜌𝑊 (12) 

aerosol   ℤ𝑄 = 1𝐸 + 8  
2 (13) 

where: 

 Kd distribution coefficient, sediment [L3 M] 

 Kp distribution coefficient, particle [L3 M] 

 ρW density of SPM [M·L-3] 

 TW temperature of water [θ] 

Appendix A details further the QWASI aquivalence model (MACKAY, 1989).   

2.1.2 LEAD 

2.1.2.1 CHEMICAL PROPERTIES 

Lead is a (carbon) group 14 element, the chemical family which also includes Sn, 

Si, and C.  Aqueous lead has only the +2 oxidation state, reducing the significance 

of redox reactions; lead sulfide has very low solubility: Ksp = 3.4E-28 (GIBSON, 

1961).  The least soluble forms of lead are in oxidizing water carbonate PbCO3, 

hydroxide Pb(OH)2, and hydroxycarbonate Pb3(OH)2(CO3)2, and in reducing systems 

galena PbS (HEM, 1973).  These species limit the concentrations of lead in the pH 

of natural waters, commonly <10 μg·L-1 (HEM, 1976A), having solubilities and 

exhibiting rate kinetics that result in precipitation.  The phase distribution of lead 

may be calculated from equations representing major ions, cation exchange 

capacity, pH, anion complexation, and ionic strength.  Transport may be 

predominated by SPM adsorption (HEM, 1976B) and manganese dioxide co-

precipitation (BROWN, 2015).  Phosphates may control lead solubility in some 

natural water systems, being the least soluble minerals under aerobic conditions 

(SAUVÉ, 1998).  Lead(II) exists in of low alkaline, acidic water (BROWN, 2015).   

2.1.2.2 CONCENTRATION IN MEDIA 

Atmospheric aerosol and rain concentrations of Pb may be influenced locally by 

anthropogenic sources.  Aerosol samples indicate Pb concentrations ranging from 

                                       
2 A value of ℤQ = 1E+5 was suggested to address the lack of published air/aerosol 

partitioning ratios, and 1E+8 used in the original (MACKAY, 1989) and subsequent models.   
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0.4 μg·m-3 in rural Tuxedo, New York to 4 μg·m-3 in New York City, but Pb-210 

concentrations at these locations are consistent with each other at about 

3E-10 μg·m-3 (1 mBq·m-3) (KNEIP, 1970).  Measurements supporting a study of 

Crystal Lake, Wisconsin (section 3.2.1) indicate a weighted mean rain concentration 

of 8 mg·m-3, including an August peak of 20 mg·m-3 that may represent releases 

from leaded gasoline of local automobile traffic (TALBOT, 1983).  Lead in rainwater 

is associated with sub-micron particles (BENOIT, 1987).   

Freshwater concentrations of lead are relatively low.  Lead is complexed in stream 

water by dissolved organic compounds (BENOIT, 1987).  The concentration of Pb in 

rivers worldwide ranges from 4 to 400 ng·L-1, and is rarely above 2 μg·L-1 

(GAILLARDET, 2014).   

2.1.2.3 PROCESSES 

Processes significant to lead transport in lakes are atmospheric deposition, 

sedimentation and diffusion.   

Lead is released from pollution sources primarily as a volatile compound and 

aerosolize with the products of photolytic reactions similarly to Pb-210 (TUREKIAN, 

2014).  The anthropogenic contribution to the flow of lead into the atmosphere is 

estimated at 10% (KOWNACKA, 1990), a result which would suggest that industrial 

source forms are preferentially removed over natural forms.   

A global study determines Pb precipitation flux by indexing to Pb-210 

measurements, which is found to range from 4 ng·cm-2·a-1 for remote Tahiti, 

isolated from industrial emissions, to 390 ng·cm-2·a-1 in the Sargasso Sea, 

influenced by North American emissions (SETTLE, 1982).   

The mean annual wet deposition flux is calculated for Pb to be 600 ng·cm-2·a-1 in the 

supporting Crystal Lake study (section 3.2.1).  Volumetric washout ratios (section 

3.1.2.4) are found to range from 1.9E+05 to 1.6E+06 (n = 6), and are suspected 

to be biased high by up to a factor of 2 due to the summer concentration peak.  

The mean annual flux with dry particles is estimated in summer to be at least 

200 ng·cm-2·a-1 (TALBOT, 1983).   

The anthropogenic lead flux to Lake Michigan sediment is determined in 1972 to be 

130 mg·m-2·a-1, and the natural background flux is estimated to be 16 mg·m-2·a-1 

(EDGINGTON, 1976).  Sediment cores of Bob Lake, Ontario indicate a total 

anthropogenic lead accumulation rate of 820 mg·m-2·a-1 (from both inflow and 

atmospheric deposition, corrected for an estimate of background contributions) 

(EVANS, 1980).   

Fick’s First Law of diffusion is applied to pore and river water concentration 

measurements.  In an urban and agricultural basin in Spain, the formula suggests 

fluxes at three locations from the sediment to water ranging 0-580 mg·m-2·a-1 

(n = 12), having median 24 mg·m-2·a-1 (CAMPANHA, 2012).  At Lake Taihu, China, 
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measurements indicate, according to Fick’s First Law, an average flux from 

sediment of 2850 mg·m-2·a-1 (n = 12) (LEI, 2016).   

2.1.3 MODEL UNCERTAINTY 

Model uncertainty may be analyzed by a differential sensitivity method.  The 

derivation of this method was reviewed, and the method was considered for 

application to the original QWASI lead model reproductions and updates and to the 

Ra-226 model development.   

The uncertainty in a model involves an “aleatory” component due to stochastic 

variability, comprising parameter heterogeneity and measurement precision, and an 

“epistemic” component due to lack of knowledge about items that are invariant 

(MCKONE, 1996)(HOFFMAN, 1994) (model infidelity).  The aleatory components 

can be treated separately when propagating uncertainty (MCKONE, 1996), or 

together in a complete preliminary analysis of variable sensitivity by assuming that 

the model is unbiased (disregarding the epistemic uncertainty) (MACLEOD, 2002).   

Differential analysis is a sensitivity method which identifies important contributors 

to uncertainty in a model predictor variable.  Other methods for this purpose are 

response surface replacement and a form of Monte Carlo analysis.  The differential 

method can be applied generally with partial derivatives using series expansion.  It 

provides good local information about input variables, but it can be challenging to 

implement and to interpret globally (IMAN, 1988).  Estimating a model’s variance 

with a Taylor series requires that the model is linear.  If variables Xi are lognormally 

distributed and the model expresses the variables as products and powers ai, a 

lognormal transformation results in a normally distributed model predictor Y as a 

linear combination of normally distributed variables (SLOB, 1994): 

 𝑌 =∏𝑋𝑖
𝑎𝑖

𝑖

 (14) 

 ln 𝑌 =∑𝑎𝑖 ln 𝑋𝑖
𝑖

 (15) 

For uncorrelated random variables (having pair covariances of 0), the variance of a 

lognormal distribution (MOOD, 1973) is from Equation 15: 

 𝜎ln𝑌
2 =∑𝑎𝑖

2𝜎ln𝑋𝑖
2

𝑖

 (16) 

A coefficient ai can be interpreted as a sensitivity factor 𝒮, which is defined as the 

partial derivative of the model output O to an input I, normalized by the reciprocal 

of those values, and as the ratio of the standard deviations (MACLEOD, 2002): 

 |𝒮| = |
𝜕𝑂

𝜕𝐼

𝐼

𝑂
| =

𝜎𝑂
𝜎𝐼

 (17) 
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The method assigns a confidence factor of 1 arbitrarily to 2𝜎 representing 95% of 

the distribution.  In this way each 𝜕𝐼 is set so that 𝜕𝐼 𝐼⁄  is consistent for every input 

variable, and the contribution to overall variance is scaled by the confidence factor 

that corresponds to the estimate of the variable standard deviation (MACLEOD, 

2002).  The output variance 𝜎𝑂
2 was understood to represent the independent 

component of a total output variance.  Following from Equation 17: 

 𝑎𝑖
′ = |𝒮𝑖| = |

𝛿𝑌𝑖
𝑌⁄

𝛿𝑋𝑖
𝑋𝑖
⁄
| =

𝜎ln𝑌𝑖
′

𝜎ln𝑋𝑖
 (18) 

The QWASI aquivalence models are not entirely multiplicative.  The molar rate 

balance terms of the aquivalence 𝔸 and transport parameter D products are solved 

for water and sediment from the original QWASI model formulation by Equations 

A.9 and A.10 and for epilimnion, hypolimnion and sediment from the layered model 

formulation variant by Equations B.8, B.7 and B.9.  These formulas are products and 

sums of the transport parameters, in contrast to the form of Equation 14.  Further 

the transport parameters are not independent, having common constituent 

variables (clear by inspection of Table A-2 and Table A-3).  An aquivalence model 

may be pseudo-linear in this sense over some intervals of the input variables, but 

nonlinear over transition ranges between dominant terms.  Results of this 

lognormal differential sensitivity analysis method may still be valid for a specific set 

of inputs, but not generally for a comparison of the relative importance of variables 

between different applications.   

Being steady state and phenomenological, the Pb model uncertainty was considered 

dominated by epistemic error, and a parameter sensitivity method was deemed not 

crucial to the thesis.  As a tool to investigate aleatory error, Monte Carlo analysis is 

unconstrained by the type of model that can be analyzed or the selection of input 

distributions (SLOB, 1994)(MACLEOD, 2002).  Monte Carlo analysis is conducted 

using a Markov Chain method to a water and sediment pesticide transport model 

(BOULANGE, 2017).  The method would be useful for partitioning models with 

greater aleatory than epistemic error.   

2.2 METHOD 

The model applications were reproduced and developed in a spreadsheet with 

scaling factors (SOUTHWOOD, 1989)(MACKAY, 2001) to adjust input variables and 

examine the relative effects on parameters and outputs.  The original QWASI 

(MACKAY, 1989) and Hamilton Harbour two-layer variants (LING, 

1993)(DIAMOND, 1996) applications were reproduced and updated with a 

modification and new constraints as detailed below.  The updated QWASI model 

was applied to the inputs used in a related rate constant model for Lake Ontario 

lead that has common processes and parameters (THOMPSON, 1999).  A new 

application of the updated QWASI model was made for Lake Ontario in the 

Mississauga Basin.   
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2.2.1 QWASI AQUIVALENCE MODEL 

The original QWASI aquivalence lead model reports aquivalence capacities, 

transport parameters, process rates and concentrations (MACKAY, 1989).  

Appendix A contains the original QWASI formulation, and the reported inputs, 

intermediated parameters and outputs to verify the reproduced model.   

The original QWASI data represent consensus estimates from a workshop of subject 

matter experts (STRACHAN, 1987)(MACKAY, 1989).  Values for the particle 

settling, resuspension and sediment burial flux FS, FR and FB are not reported 

(MACKAY, 1989), but were understood to be adjusted to optimize the output 

concentrations.  However, the particle flux values were found to not satisfy the 

Equation A.27 particle balance.  Case 1 was constructed by decreasing the particle 

resuspension flux FR to satisfy particle conservation by Equation A.27.   

The original QWASI model output sediment and water concentrations imply a 

sediment distribution coefficient Kd´ = 5.34E+05 L·kg-1, in contrast to the 

Kd = 3.33E+05 L·kg-1 corresponding to the input (observed) concentrations 

(MACKAY, 1989), as confirmed in the reproduced model (Appendix A).  Case 2 was 

constructed by increasing the particle resuspension flux FR, and Case 3 by 

increasing the sediment burial flux FB so that the output water and sediment 

concentrations were consistent with the input Kd = 3.33E+05 L·kg-1.   

Another option to constrain the output concentrations to the input sediment 

distribution coefficient Kd was to specify a separate upward mass transfer coefficient 

for diffusion kTW, and from it create a second volumetric flow rate for diffusion out 

of the sediment QTW, and transport parameter DTW: 

 𝑄𝑇𝑊 = 𝑘𝑇𝑊𝐴𝑆𝐸 (19) 

 𝐷𝑇𝑊 = 𝑄𝑇𝑊ℤ𝑊 (20) 

The constraint required revisions to the Equation A.9 water aquivalence, Equation 

A.10 sediment aquivalence, and Equation A.21 process rate formulas (specifying DT 

as DTS specifically for water-sediment diffusion): 

 𝔸𝑊 =
𝐸𝑤 + (𝐷𝐼 + 𝐷𝑋)𝔸𝑊𝐼 + (𝐷𝑉 +𝐷𝑀 +𝐷𝐶 + 𝐷𝑄)𝔸𝐴

𝐷𝑇𝑆 + 𝐷𝐷 + 𝐷𝑉 + 𝐷𝐽 + 𝐷𝑌 − (𝐷𝑇𝑊 + 𝐷𝑅)
𝐷𝑇𝑆 + 𝐷𝐷

𝐷𝐵 + 𝐷𝑇𝑊 + 𝐷𝑅

 (21) 

 𝔸𝑆 =
𝐷𝑇𝑆 + 𝐷𝐷

𝐷𝐵 + 𝐷𝑇𝑊 + 𝐷𝑅
𝔸𝑊 (22) 

 𝑞𝑇𝑊 = 𝐷𝑇𝑊𝔸𝑆 (23) 

Case 4 was constructed by setting kTW to constrain the output water and sediment 

concentrations to the same sediment distribution coefficient Kd as the inputs.   
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The base and alternate cases were: 

• Base: optimized to report observations by adjusting unreported particle 

settling flux values FS, FR and FB 

• Case 1: Equation A.27 particle conservation by reduced particle resuspension 

flux FR 

• Case 2: Kd alignment by particle resuspension flux FR increase 

• Case 3: Kd alignment by sediment burial flux FB increase 

• Case 4: Kd alignment by sediment-water diffusion coefficient kTW increase 

2.2.2 HAMILTON HARBOUR 

The original QWASI model is applied to stable lead in Hamilton Harbour, an 

enclosed water body at the western end of Lake Ontario.  The accuracy of the 

inputs is not a priority for the study (LING, 1993), but the inputs were confirmed 

from the cited sources.  The report contains a comprehensive set of inputs for 

elevated particulate and lead concentrations and reports interim parameters (LING, 

1993).  The interim parameters enabled the reproduction to confirm the original 

study formulation.  The original QWASI model two-layer variant is implemented 

with separate water compartments, one for the upper epilimnion and another for 

the lower hypolimnion.  The reproduced model documented in Appendix B neglects 

the insignificant volatilization and decay processes.   

Distribution coefficients Kd and Kp are the values calculated (LING, 1993) from the 

assumed observation concentrations in the original aquivalence model (MACKAY, 

1989).   

Particle flux is ambiguous in the original QWASI model scenario (section 2.2.1), but 

specific data are applied in the Hamilton Harbour study.  Sediment burial flux is 

cited to range from 410 to 1590 g·m-2·a-1 (from 1.12 to 4.36 g·m-2·d-1) (LING, 

1993).  The fluxes are determined from Pb-210 dating, interpreted as 

sedimentation, the lower most recently and the upper from the pre-dredging era 

(NRIAGU, 1983).  Unpublished sediment trap data are reported as a harbour 

deposition rate of 6.5 g·m-2·d-1; present resuspension is judged to range from 1.3 

to 2.0 g·m-2·d-1 (LING, 1993).  The burial rate is set to 4.36 g·m-2·d-1 and the 

model optimized through another contaminant application by adjusting the 

deposition rate to 6.0 g·m-2·d-1 and the resuspension rate to 1.63 g·m-2·d-1 (LING, 

1993).  This set of particle fluxes satisfies particle conservation Equation A.27 and 

were applied to the reproduced model.   

Sediment concentrations are reported to range from 34 to 690 μg·g-1 (LING, 

1993).  Ten reported sediment measurements from this era have a geometric 

mean of about 300 μg·g-1 (OME, 1992A)(OME, 1992C).  Water concentration is 

tabled as <3 μg·L-1 (LING, 1993) consistent with the source measurement 
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detection limit (OME, 1992C).  Among the scenario variations, the no-thermocline 

variant (section B.2: equal diffusion between hypolimnion and epilimnion) is 

established by increasing the layer diffusion mass transfer coefficient by a factor of 

1000 from kHE = 0.4 to 400 m·d-1 as implemented in the original study model 

(LING, 1993).   

The parameter adjustments made in the reproduction of the original QWASI 

scenario (section 2.2.1) were applied to the no-thermocline scenario variant to 

constrain the output water and sediment concentrations to a sediment distribution 

coefficient Kd consistent with the inputs.  The base and alternate cases were: 

• Base: thermocline, 𝔸H > 𝔸E 

• Case 1: no thermocline, 𝔸H = 𝔸E 

• Case 2: no thermocline, Kd alignment by particle resuspension flux FR 

increase 

• Case 3: no thermocline, Kd alignment by sediment burial flux FB increase 

• Case 4: no thermocline, Kd alignment by sediment-water diffusion coefficient 

kTW increase 

2.2.3 HAMILTON HARBOUR II 

The two-layer model Hamilton Harbour model (LING, 1993) with updated 

parameter values (DIAMOND, 1996) was reproduced as described in Appendix C.   

Distribution coefficients are decreased based on measurements, for sediment 

Kd = 9.55E+04 L·kg-1 (OME, 1992A) and for SPM Kp = 1.10E+05 L·kg-1 (OME 

unpublished data)(DIAMOND, 1996).   

Particle flux values are updated: particle resuspension flux FR is increased from 1.63 

to 2.5 g·m-2·d-1 using a calibration of the model applied to phosphorus, and 

sediment burial flux is reduced from 4.4 to 3.0 g·m-2·d-1 as a representative rate 

(DIAMOND, 1996).  Other input changes are a lower particle mass rate from land 

to the harbour, a higher particle mass rate from the harbour to Lake Ontario, a 

lower particle concentration in the harbour, and higher lead emission by including 

municipal sources (DIAMOND, 1996).   

The no-thermocline variant is established by increasing the epilimnion/hypolimnion 

diffusion mass transfer coefficient by a factor of 1000 from kHE = 0.4 to 400 m·d-1 

as implemented in the Hamilton Harbour scenario (section 2.2.2).   

The parameter adjustments made in the reproduction of the original QWASI 

scenario (section 2.2.1) and the Hamilton Harbour study (section 2.2.2) were 

applied to the no-thermocline scenario variant to constrain the output water and 

sediment concentrations to a sediment distribution coefficient Kd consistent with the 

inputs.   
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The base and alternate cases were: 

• Base: thermocline, 𝔸H > 𝔸E 

• Case 1: no thermocline, 𝔸H = 𝔸E 

• Case 2: no thermocline, Kd alignment by particle resuspension flux FR 

increase 

• Case 3: no thermocline, Kd alignment by sediment burial flux FB increase 

• Case 4: no thermocline, Kd alignment by sediment-water diffusion coefficient 

kTW increase 

2.2.4 LAKE ONTARIO RATE CONSTANT STUDY 

The original QWASI model described in Appendix A was applied using parameters 

from a rate constant study of Great Lakes toxic pollutant reduction that includes 

stable lead in Lake Ontario (THOMPSON, 1999), as documented in Appendix D.   

Distribution coefficients were calculated from particle density and the fraction 

dissolved in water and sediment (section D.1), giving sediment 

Kd = 1.08E+04 L·kg-1 and SPM Kp = 1E+06 L·kg-1.  Particle flux values were 

assumed from the Appendix C Hamilton Harbour II scenario for settling, 

resuspension and burial: FS = 6.0 g·m-2·d-1, FR = 2.5 g·m-2·d-1 and 

FB = 3.0 g·m-2·d-1 (DIAMOND, 1996).  These were adjusted by trial-and-error, while 

monitoring and comparing with the reported (THOMPSON, 1999) process rates of 

deposition, resuspension and burial, and concentrations of total water and 

sediment.  The particle flux values were constrained by Equation A.27 to reflect no 

net change in particle sediment inventory.   

The parameter adjustments made in the reproduction of the original QWASI 

scenario (section 2.2.1) and the Hamilton Harbour studies I and II (sections 2.2.2 

and 2.2.3) were applied to the no-thermocline scenario variant to constrain the 

output water and sediment concentrations to a sediment distribution coefficient Kd 

consistent with the inputs.  The base and alternate cases were: 

• Base: optimized by particle flux adjustment 

• Case 1: Kd alignment by particle resuspension flux FR increase 

• Case 2: Kd alignment by sediment burial flux FB increase 

• Case 3: Kd alignment by sediment-water diffusion coefficient kTW increase 

2.2.5 MISSISSAUGA BASIN 

The aquivalence model was applied to data representing a location in the 

Mississauga Basin of Lake Ontario, as detailed in Appendix E.  Sediment trap data 

constrained the particle fluxes to relatively low values (MARVIN, 2007).  
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Atmospheric deposition of stable lead has decreased in the Lake Ontario region 

since 1978 (WATMOUGH, 2017) and emissions to the lake have declined.  The 

Niagara River is the largest tributary input at the western end of the lake, but a 

significant proportion of the lead it carries is deposited in nearby sediments.  While 

the case variables correspond to the full extent of the lake, the full proportion of 

emission and inflow inventory of lead was not expected to reach the bottom of the 

central basin.   

Background estimates of lead in Lake Ontario sediments less than 30 μg·g-1 (KEMP, 

1976)(MUDROCH, 1988) enabled a second case representing pre-industrial 

conditions.  Reduced atmospheric deposition was represented by measurements at 

Plastic Lake in Haliburton, Ontario (WATMOUGH, 2017).   

The two scenario variants were optimized by setting the emissions EW = 0, 

assuming elimination occurs by deposition close to source or by outflow and does 

not reach the Mississauga Basin (section E.2).  The other parameters adjusted to 

optimize the base scenario were: 

• QI/QJ inflow / outflow 

• kTS water-sediment diffusion coefficient 

The alternate scenario assumed QI/QJ = 1 as found in the base scenario since the 

effective flow through the basin was assumed to be unchanged over time.  The 

other parameters adjusted to optimize the alternate scenario were: 

• kTW sediment-water diffusion coefficient 

• COI inflow concentration 

2.3 RESULTS 

2.3.1 QWASI AQUIVALENCE MODEL 

The Figure A-2 process diagram shows that the proportion of atmospheric 

deposition to water input was 55% in the reproduced model.  This result is 

consistent with the estimated 50% contribution of atmospheric deposition to Lake 

Ontario inputs (STRACHAN, 1987).   

As shown in Table A-8, the estimated sediment concentration coincides with the 

input value of 100 μg·g-1, but the water and SPM concentrations were 

underestimates of the observations (MACKAY, 1989).  Particle flux values were 

adjusted by trial-and-error using the scaling factors to make the water, SPM, and 

sediment lead concentrations consistent with the input values, but could only be 

aligned with the estimates of the original model.  The final particle flux values 

shown in Table A-7 were likely the one that the reported model uses (MACKAY, 

1989) since they gave corresponding transport parameter values.   
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The particle flux values were found not to satisfy the Equation A.27 particle balance, 

implying a net erosion of sediments at 0.34 g·m-2·h-1.  The alternate Case 1 was 

made by reducing the particle resuspension flux by this amount, from 1.16 to 

0.82 g·m-2·h-1.  Figure A-3 depicts the process diagram for Case 1.  The result was 

little change to the sediment concentration, from 99 to 101 μg·g-1, but a significant 

decrease in the total water concentration from 247 to 204 ng·L-1, a departure from 

the reported model estimate (MACKAY, 1989).   

The remaining cases were to constrain the output sediment and water 

concentrations to the sediment distribution coefficient Kd corresponding to that 

assumed from the reported input concentrations.  The case 2 process diagram is 

shown in Figure A-4, in which net sediment erosion was increased by the 

resuspension flux FR.  The case 3 process diagram is shown in Figure A-5, in which 

the sediment burial flux FB was set greater than the particle settling flux FS.  Both 

cases depart further from the Equation A.27 particle balance.  Case 2 features a 

total water concentration of 371 ng·L-1 and sediment concentration of 93 μg·g-1.  

Case 3 features lower total water concentration at 148 ng·L-1 and sediment 

concentration at 37 μg·g-1.  The case 4 process diagram is shown in Figure A-6, 

depicting the total water concentration consistent with the base scenario, but lower 

sediment concentration at 62 μg·g-1.  Table 2 shows the adjusted variables, water 

and sediment concentrations, and sediment distribution coefficient for each case.   

Table 2.  Original QWASI model scenario variations 

Parameter Unit Base 
Case 

1 (FR) 2 (FR) 3 (FB) 4 (kTW) 

FR (flux on SPM, settling) g·m-2·h-1 1.16 0.82 2.23 1.16 1.16 

FB (flux on SPM, burial) g·m-2·h-1 0.59 0.59 0.59 1.66 0.59 

kTW (diff. coeff., sed.-water) m·h-1 0.0004 0.0004 0.0004 0.0004 0.0152 

CW (concentration, water) ng·L-1 247 204 370 148 247 

CS (concentration, sediment) μg·g-1 99 101 93 37 62 

Kd (dist. Coeff., sediment) L·kg-1 5.3E+5 6.6E+5 3.3E+5 3.3E+5 3.3E+5 

The water and air volatilization processes were demonstrated to be insignificant.  

Using the approximations for lead vapour pressure PV and chemical solubility S in 

Lake Ontario, the volatilization process rate from water to air was about 

1E-19 mol·h-1 and from air to water was about 1E-20 mol·h-1.  The next least 

significant process was rain at 0.34 mol·h-1, and the most was significant was 

particle deposition at 680 mol·h-1.   

2.3.2 HAMILTON HARBOUR 

The process diagrams are depicted for the base scenario with thermocline in Figure 

B-2 for case 1 with no thermocline in Figure B-3.  The thermocline variant had 

higher concentrations in the hypolimnion, but there was no significant difference in 

sediment concentrations between the two cases.   



 

20 

 

As with the original QWASI scenario (section 2.3.1), the sediment and water 

concentrations output imply a sediment distribution coefficient 

Kd´ = 6.67E+05 L·kg-1, in contrast to the Kd = 3.33E+05 L·kg-1 input.  Case 2 is 

depicted in Figure B-4, featuring much higher epilimnion and hypolimnion 

concentrations, and marginally lower sediment concentration.  Case 3 is depicted in 

Figure B-5, having lower concentrations in both compartments, and less than half 

the concentration in sediment relative to the base case.  Case 4 is depicted in 

Figure B-6, having concentrations nearly identical to case 2.  Table 3 summarizes 

the adjusted variables, the water and sediment concentrations, and the sediment 

distribution coefficients for each case.   

Table 3.  Hamilton Harbour scenario variations 

Parameter Unit Base 
Case 

1* 2* (FR) 3* (FB) 4* (kTW) 

FR (flux on SPM, settling) g·m-2·h-1 1.63 1.63 7.66 1.63 1.63 

FB (flux on SPM, burial) g·m-2·h-1 4.36 4.36 4.36 10.4 4.36 

kTW (diff. coeff., sed.-water) m·h-1 0.0004 0.0004 0.0004 0.0004 0.0840 

CE (concentration, epilimnion) ng·L-1 2163 2487 4359 2139 4358 

CH (concentration, hypolimnion) ng·L-1 2543 2491 4382 2140 4380 

CS (concentration, sediment) μg·g-1 221 216 190 93 190 

Kd (dist. Coeff., sediment) L·kg-1 6.7E+5 6.7E+5 3.3E+5 3.3E+5 3.3E+5 

* no thermocline 

2.3.3 HAMILTON HARBOUR II 

The process diagrams are depicted for the base scenario with thermocline in Figure 

C-1 and for case 1 with no thermocline in Figure C-2.  The thermocline variant 

features higher concentrations in the hypolimnion and sediment in the thermocline 

variant, both about double the differences in the Hamilton Harbour application 

(section 2.2.2).   

As with the original QWASI (section 2.3.1) and Hamilton Harbour (section 2.2.2) 

scenarios, the sediment and water concentrations outputs imply a sediment 

distribution coefficient that is not consistent with the input concentrations.  The 

thermocline variant gave Kd´ = 1.20E+05 L·kg-1, in contrast to Kd = 9.55E+04 L·kg-1 

for the input concentrations.   

Case 2 is depicted in Figure C-3, featuring marginally higher epilimnion and 

hypolimnion concentrations, and marginally lower sediment concentration.  Case 3 

is depicted in Figure C-4, having lower concentrations in both compartments, and 

about two-thirds the concentration in sediment versus the base case.  Case 4 is 

depicted in Figure C-5, having concentrations nearly identical to case 2.  Table 4 

summarizes the adjusted variables, the water and sediment concentrations, and the 

sediment distribution coefficients for each scenario variant.   
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Table 4.  Hamilton Harbour II scenario variations 

Parameter Unit Base 
Case 

1* 2* (FR) 3* (FB) 4* (kTW) 

FR (flux on SPM, settling) g·m-2·h-1 2.50 2.50 3.90 2.50 2.50 

FB (flux on SPM, burial) g·m-2·h-1 3.00 3.00 3.00 4.41 3.00 

kTW (diff. coeff., sed.-water) m·h-1 0.0004 0.0004 0.0004 0.0004 0.0060 

CE (concentration, epilimnion) ng·L-1 2541 3040 3448 2755 3450 

CH (concentration, hypolimnion) ng·L-1 3385 3042 3451 2757 3453 

CS (concentration, sediment) μg·g-1 249 224 203 162 203 

Kd (dist. Coeff., sediment) L·kg-1 1.2E+5 1.2E+5 9.6E+4 9.6E+4 9.6E+4 

* no thermocline 

2.3.4 LAKE ONTARIO RATE CONSTANT STUDY 

Table D-5 shows that the fitted aquivalence model application water and sediment 

rate constants were consistent with the reported rate constant model.  The base 

scenario particle flux values were close to the original QWASI scenario case 1 

(Table 2) values adjusted for particle conservation by Equation A.27.  The Lake 

Ontario Rate Constant Study scenario has a particle settling flux 

FS = 1.27 g·m-2·d-1, versus 1.41 g·m-2·d-1 for the original QWASI scenario, and 

particle resuspension to sediment burial flux ratio of 0.55/0.72 versus 0.82/0.59 for 

the original QWASI scenario.   

As with the original QWASI scenario (section 2.2.1) and the Hamilton Harbour 

studies I and II (sections 2.2.2 and 2.2.3), alternate cases were constructed to 

constrain the input and model output sediment and water concentrations to a 

consistent sediment distribution coefficient Kd.  The distribution coefficient 

calculated from the output concentrations was Kd´ = 8.53E+05 L·kg-1 in contrast to 

the Kd = 1.08E+04 L·kg-1 calculated from the input concentrations.   

The process diagrams are shown for case 1 in Figure D-2, in which the particle 

resuspension flux FR was increased, and for case 2 in Figure D-3, in which the 

sediment burial flux FB was increased.  As with the original QWASI scenario, both 

variants depart further from the Equation A.27 particle balance.  However, very 

large (unrealistic) values were required.  They implied sediment concentrations 

small fractions of the base scenario, and a tripling and halving of the water 

concentration, respectively.  The case 3 process diagram is shown in Figure D-4, 

depicting the total water concentration consistent with the base scenario, but also 

with a drastically lower sediment concentration.  Table 5 summarizes the adjusted 

variables, the water and sediment concentrations, and the sediment distribution 

coefficient for each scenario variant.   
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Table 5.  Lake Ontario Rate Constant Study scenario variations 

Parameter Unit Base 
Case 

1 (FR) 2 (FB) 3 (kTW) 

FR (flux on SPM, settling) g·m-2·h-1 0.55 116.6 0.55 0.55 

FB (flux on SPM, burial) g·m-2·h-1 0.72 0.72 116.6 0.72 

kTW (diff. coeff., sed.-water) m·h-1 0.0004 0.0004 0.0004 0.0526 

CW (concentration, water) ng·L-1 571 1693 334 571 

CS (concentration, sediment) μg·g-1 97 4 1 1 

Kd (dist. Coeff., sediment) L·kg-1 8.5E+5 1.1E+4 1.1E+4 1.1E+4 

2.3.5 MISSISSAUGA BASIN 

Figure E-1 shows the process diagram for the case optimized by eliminating 

emission, reducing the rate of inflow / outflow, and increasing the water-sediment 

diffusion coefficient.  Using the flowrate found in the base scenario variant, the 

alternate scenario was created by increasing instead the sediment-water diffusion 

coefficient, and decreasing the inflow concentration, for which the process diagram 

is shown in Figure E-2.  Table 6 summarizes the adjusted variables, and sediment 

concentration for base and alternate cases.   

Table 6.  Mississauga Basin scenario variations 

Parameter Unit Base Alternate 

EW (emission to water) kg·h-1 0 0 

QI / QJ (vol. rate, in/out) m3·h-1 1.83E+07 1.83E+07 

kTS (diff. coeff., water-sed.) m·h-1 0.0474 0.0004 

kTW (diff. coeff., sed.-water) m·h-1 0.0004 0.0924 

COI (concentration, inflow) ng·L-1 888 842 

CS (concentration, sediment) μg·g-1 75 25 

2.4 DISCUSSION 

The construction of each scenario variation demonstrated that the input 

concentrations used to define the sediment distribution coefficients and the water 

and sediment output concentrations (MACKAY, 1989) did not correspond.  The 

scenarios also demonstrated that particle conservation may not be satisfied.  The 

model was analyzed to understand the method constraints applied to address these 

observations.   

The output concentrations were determined according to the model by Equation 

A.12 for lead dissolved in water CW, by Equation A.13 for lead adsorbed to SPM CP, 

and by Equation A.14 for lead adsorbed to sediment solids CS.  Through the model, 

these equations rely on the input distribution coefficients for lead adsorbed to 

sediment Kd and adsorbed to SPM Kp, which are themselves defined from the 

corresponding input concentrations COW, COP, and COS by Equations A.33 and A.34.  

The distribution coefficients enter the model in the definitions for aquivalence 

capacity of sediment solid ℤS by Equation 11 for Kd and of water SPM ℤP by Equation 
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12 for Kp.  Although the SPM distribution coefficients Kp determined by the input and 

output concentrations were always consistent, the sediment distribution coefficients 

Kd were not.  The scenario variants for the original QWASI, Hamilton Harbour and 

Lake Ontario Rate Constant Study studies were constructed to address the 

alignment of the input and output Kd.   

The input SPM distribution coefficient Kp can be compared with the output SPM 

distribution coefficient Kp′ from Equation A.34: 

 𝐾𝑝 = 𝐾𝑝
′  (24) 

 
𝐾𝑝 =

𝐶𝑃
𝐶𝑊𝐶𝑃𝐿

 
(25) 

Substituting concentrations CW and CP from Equations A.12 and A.13: 

 
𝐾𝑝 =

𝑓𝑊𝑉ℤ𝑃𝔸𝑊
(1 − 𝑓𝑊𝑉)ℤ𝑊𝔸𝑊𝐶𝑃𝐿

 
(26) 

Substituting the expressions for ℤP by Equation 12 and for CPL by Equation A.31: 

 
ℤ𝑊
′ =

1

1 − 𝑓𝑊𝑉
 

(27) 

The result reveals an inconsistency between the definition of the water aquivalence 

capacity, ℤW = 1 shown in Table 1, and the water concentration definition given by 

Equation A.12.  Water concentration is commonly understood to represent bulk 

volume, and Kp is defined assuming that Cp and CW have a common volumetric 

basis.  The error is small since fWV << 1 but could be resolved by adopting Equation 

27 as a definition.  Otherwise since the result is valid for any inputs, it 

demonstrates how KP is always consistent.   

The inconsistency of the sediment distribution coefficient Kd was demonstrated by 

equating with the output Kd′ defined from the output concentrations similarly to 

Equation A.33: 

 𝐾𝑑 = 𝐾𝑑
′  (28) 

 
𝐾𝑑 =

𝐶𝑆
𝐶𝑊

 
(29) 

Substituting concentrations CW and CS from Equations A.12 and A.14: 

 
𝐾𝑑 =

ℤ𝑆𝔸𝑆
𝜌𝑆(1 − 𝑓𝑊𝑉)ℤ𝑊𝔸𝑊

 
(30) 

Substituting the expressions for ℤS by Equation 22 and for 𝔸S by Equation A.10: 

 
(1 − 𝑓𝑊𝑉)ℤ𝑊 =

𝐷𝑇𝑆 + 𝐷𝐷
𝐷𝐵 + 𝐷𝑅 + 𝐷𝑇𝑊

 
(31) 
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Equation A.10 resolves to unity, so that imposing Equation 28 results in equivalence 

of the water and sediment aquivalence, 𝔸S = 𝔸W.   

Substituting expressions for process rate D from Table A-2 and for volumetric rate 

Q from Table A-3, applying DT, QT and kT specifically to water-sediment diffusion 

DTS, QTS and kTS, and the definitions from Equations 20 and 19 for DTW and QTW and 

simplifying: 

 1 ≈ (1 − 𝑓𝑊𝑉)ℤ𝑊 =
𝑘𝑇𝑆ℤ𝑊 + 𝐹𝑆𝐾𝑝

𝑘𝑇𝑊ℤ𝑊 + (𝐹𝐵 + 𝐹𝑅)𝐾𝑑
 (32) 

Only specific values of particle flux for settling FS, resuspension FR and sediment 

burial FB and diffusion coefficients kTS and kTW meeting Equation 32 result in a 

consistent sediment distribution coefficient Kd.  If one of the input concentrations 

COW or COS are uncertain, they could also be adjusted to meet Equation 32 by 

manipulating Kd through Equation A.33.   

Solutions could be constrained further by imposing particle conservation according 

to Equation A.27: 

 1 =
𝐹𝑆

𝐹𝐵 + 𝐹𝑅
 (33) 

The Equation A.27 constraint was applied to the final scenario variants of the 

original QWASI, Hamilton Harbour, Hamilton Harbour II, and Lake Ontario Rate 

Constant Study applications where one of the diffusion coefficients was adjusted to 

make the Kd consistent, effectively solving Equation 32.  The implication of not 

meeting Equation A.27 is that the effective “modelled” sediment layer is either 

shrinking or growing.  While meeting Equation A.27, net sedimentation can be 

expressed by FB > 0, and net erosion by FR > FS.  Equation A.27 is not met in the 

original QWASI (MACKAY, 1989) and Hamilton Harbour (LING, 1993) studies.   

The introduction of separate diffusion coefficients kTS and kTW for water-sediment 

and sediment-water was made to circumvent the control by aquivalence (either 𝔸W 

or 𝔸S) over net diffusion (Table A-2).  A phenomenological consideration of 

sediment diffusion is beyond the scope of this thesis.  Diffusion has been measured 

and explained by Fick’s First Law from freshwater (CAMPANHA, 2012)(LEI, 2016) 

and estuary sediment (KALNEJAIS, 2015).  Hypolimnion stratification that becomes 

anoxic leads to increased lead sorption by organic complexes and colloids (LING, 

1993); specifically mineralization of organic carbon and scavenging by iron and 

manganese oxyhydroxides (KALNEJAIS, 2015).  These and other mechanisms may 

control the net diffusion of a freshwater-sediment system.  The coarser and greater 

abundance of bed than suspended sediment (IAEA, 2001) may result in SPM-

adsorbed lead settling into sediment and diffusing out under some reducing 

conditions.   

Each of the original QWASI, Hamilton Harbour, Hamilton Harbour II, and Lake 

Ontario Rate Constant Study applications required a sediment-water diffusion 
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coefficient kTW to satisfy Equation 32 under the Equation A.27 particle conservation 

constraint.  The Mississauga Basic application alternate scenario in contrast 

required a water-sediment coefficient kTS.  This reflected lead water concentrations 

that were too high for the assumed background sediment concentration.  Table 7 

summarizes fluxes for the diffusion coefficient scenario variants and those reported 

in recent studies.   

Table 7.  Model and study sediment-water diffusion flux 

Flux (μg·m-2·d-1) Scenario / study 

10 Lake Windermere, England (HAMILTON-TAYLOR, 1979) 

0-1600 Turvo/Grande basin, Brazil (CAMPANHA, 2012) 

4.5±5.6 Hingham Bay (KALNEJAIS, 2015) 

1.1±2.2 Massachusetts Bay (KALNEJAIS, 2015) 

8 Taihu Lake, China (LEI, 2016) 

7-19 Ziya River system, China (ZHU, 2016) 

5 Lake Ontario original QWASI (section 2.3.1) 

500 Hamilton Harbour (section 2.3.2) 

36 Hamilton Harbour II (section 2.3.3) 

19 Lake Ontario Rate Constant Study (section 2.3.4) 

33 Mississauga Basin (section 2.3.5) 

The most significant difference between the original QWASI case 4 (section 2.3.1) 

and Rate Constant Study case 3 (section 2.3.4) scenarios, adjusted by diffusion 

coefficient to satisfy Equation 32 and Equation A.27, is the particle settling rate DD.  

The Rate Constant Study scenario settling rate was lower due to the effective lake 

sediment area ASE assumed to be 60% (Table D-1) of the lake area assumed in the 

original QWASI scenario (Table A-6).  The difference overcomes a greater 

divergence between the original QWASI and Rate Constant Study scenarios in the 

particle outflow rate DY, due mainly to the 8-fold higher particle concentration CPL in 

the Rate Constant Study scenario, because particle settling was a greater 

proportion of the total water debits.   

Aquivalences of the original QWASI case 4 and Mississauga Basin case 3 

(section 2.3.5) scenarios, adjusted by diffusion coefficient to satisfy Equation 32 

and Equation A.27, differ by an order of magnitude.  The Basin scenario 

aquivalences were about an order of magnitude lower than those of the original 

QWASI application, due in equal parts to lower inputs and higher outputs, each by a 

factor of about 3.  The lower Basin inputs result mainly from the much lower 

aerosol concentration adjusted for atmospheric deposition to match the pre-

industrial estimate.  The higher Basin output results from the higher ratio of input 

concentrations of lead on SPM (COP) to lead dissolved (COW) through the SPM 

distribution coefficient and settling flux.   

The Hamilton Harbour case 4 scenarios were adjusted by sediment-water diffusion 

coefficient kTW to satisfy Equation 32 and Equation A.27.  They differ most 
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significantly due to the Harbour II scenario (section 2.3.2) particle distribution 

coefficient Kp, which was assumed from measurements to be lower than the value 

in the Harbour scenario (section 2.3.3) by a factor of 6.  Diffusion was the dominant 

process as imposed by a large epilimnion/hypolimnion diffusion coefficient kHE in the 

no-thermocline variant, but it created equal aquivalences and therefore diffusion 

between the compartments.  The decreased transport of lead adsorbed to settling 

particles from the epilimnion and hypolimnion, and from the hypolimnion to 

sediment drives higher aquivalences by a factor of nearly 4.  The effect of lower Kp 

was attenuated by flow processes.  The Hamilton Harbour scenarios demonstrated 

how a steady state aquivalence model can be constructed with a consistent 

sediment distribution coefficient Kd while enabling separate aquivalence values.   

Another significant difference was evident from the Table 7 sediment-water 

diffusion fluxes.  They were higher in the Harbour scenario by a factor of 14 due to 

a 50% higher particle resuspension flux FR in the Harbour II scenario, and a net 

accumulation of 0.5 g·m-2·d-1 by the assumed particle flux values in the study 

report (DIAMOND, 1996) (which from Table C-1 do not satisfy particle conservation 

by Equation A.27).  The result demonstrated that lead transport by adsorbed 

particle flux was the dominant transport mechanism between water and sediment, 

and that a large diffusion flux could result (from an overestimate of it) relative to 

the published values summarized in Table 7.   

2.5 CONCLUSION 

Constraining the output water and sediment concentrations to be consistent with 

the input sediment distribution coefficient results in equivalent water and sediment 

aquivalences in a coherent steady-state model formulation.   

Particle flux conservation should be imposed among the settling, resuspension and 

burial components.  Both net sedimentation and net erosion can be represented 

within the constraint.   

The basis water aquivalence can be made internally consistent with the definitions 

of concentration and distribution coefficients by accounting for the volume fraction 

of particles using the factor 1/(1‒fWV).   

Particle adsorption and flux are the most significant processes controlling lead in 

Lake Ontario and Hamilton Harbour.   

2.6 FUTURE WORK 

Monte Carlo methods such as the Markov Chain applied to a water and sediment 

transport model (BOULANGE, 2017) could be considered for future development of 

the aquivalence models.   

 



 

27 

 

3 Radium series model 

3.1 INTRODUCTION 

Chapter 1 documented the rationale for selecting Ra-226, Pb-210 and Po-210 

among the Ra-226 series for extension of the model.  These are natural 

radionuclides significant to mining and other industries, tracer studies and 

radiological exposures.  They can represent the Ra-226 series in partitioning model 

of freshwater lakes and streams.  Figure 1 shows these nuclides within this span of 

the U-238 series.   

Chapter 2 documented the 

reproduction, update and analysis of 

the QWASI aquivalence model of 

lead in three existing applications 

and two new applications.  A 

modification was made to 

incorporate separate water to 

sediment and sediment to water 

diffusion coefficients.  Additional 

constraints were implemented to 

impose equilibrium between water 

and sediment concentrations and 

particle conservation.  The updated 

model and constraints were the basis for development of the Ra-226 model.   

The behaviour of Pb-210 should be very similar to stable lead (CORNETT, 1984).  A 

literature review was conducted to investigate the occurrence and process 

characteristics of each of the model nuclides.  The review included nuclide 

properties, atmospheric deposition, aqueous and sediment concentrations, and 

sedimentation.  The review provided concentrations and process variables to the 

model applications, and context for the fitting procedure.   

The Ra-226 model was created by writing decay terms for the molar balance of the 

water and sediment media for each of the nuclides to represent decay, and for 

Pb-210 and Po210 to represent ingrowth.  Volatilization of stable lead, concluded in 

Chapter 2 to be many orders of magnitude lower than the next least significant 

process (rain scavenging), was considered further for each nuclide.   

Two lakes and a river were selected from the literature to test and analyze the 

Ra-226 model.  Crystal Lake, Wisconsin is a seepage lake without inflow or outflow 

that undergoes annual intervals of stratification.  This lake provided a controlled 

study limited to atmospheric deposition and sedimentation (TALBOT, 1984).  

Bickford Pond, Massachusetts is a lake draining a hilly watershed fed and drained 

by streams (BENOIT, 1987).  Dissolved and SPM-adsorbed Pb-210 and Po-210 are 

measured by depth and at times representing spring, summer and autumn seasons 

for both studies.  A third application of the model was made to Clinton River, 

Figure 1.  Ra-226 series and model radionuclides 
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Michigan where dissolved and SPM-adsorbed Pb-210 and Po-210 is measured along 

the course through a suburban environment.  The study provided insight into the 

influence of a watershed (MUDBIDRE, 2014).   

3.1.1 NUCLIDE PROPERTIES 

Ra-226, Pb-210 and Po-210 are classified among the radionuclides with high 

radiotoxicity (IAEA, 1963).   

3.1.1.1 RADIUM-226 

Radium is a group 2 alkaline earth metal element, the chemical family which also 

includes Ba, Sr, and Ca.  Radium exists naturally in only the +2 valence state, 

invariant under anoxic conditions (HESSLEIN, 1984).  It tends to form ions as 

simple salts instead of as complexes.  Although radium forms the most soluble 

alkaline earth hydroxide as Ra(OH)2, the salts RaSO4 and RaCO3 have low solubility.  

Radium has similar chemical properties to barium and often coprecipitates with it 

(KIRBY, 1964).  The most important radium coprecipitants are barium sulphate 

and ferric hydroxide.  Ferric hydroxide adsorption depends strongly on pH over the 

range of natural waters, 6-8.  Generally interaction with sediments is significantly 

affected by water composition (BENEŠ, 1982).  Radium is most likely to be 

adsorbed to manganese oxides.  The reduced form Mn(II) prevails in natural water 

even with low levels of oxygen, releasing radium from sediment (HESSLEIN, 1984).  

In water with high sulphate content, the neutral ion pair RaSO4 may be a significant 

carrier (BENEŠ, 1982).  Radium is typically at such low concentrations that 

precipitation is rarely important, but can occur by coprecipitation as sulphates and 

carbonates (IAEA, 1990).   

Ra-226 transforms by α decay with a half-life of 1600 y (NNDC, 2018), the longest 

among the four naturally occurring radium isotopes (with Ra-223, Ra-224 and 

Ra-228), all of which are radioactive (IAEA, 2014).   

3.1.1.2 LEAD-210 

Differentiation in occurrence and form between stable lead (Pb-204, Pb-206, 

Pb-207 and Pb-208) and Pb-210 due to differences in atmospheric origin are 

detailed in section 3.1.2.2.  The Pb-210 content in water depends significantly on 

pH, and at lower pH may be associated predominantly with SPM and microbes 

(CHAU, 2001).  Pb(II) exists under conditions of low alkalinity where there is little 

carbonate buffering capacity (BROWN, 2015).   

Pb-210 transforms by β/γ decay (βₒ=64 keV, γₒ=47 keV) with a half-life of 22.2 y 

(NNDC, 2018), one of eight naturally occurring lead isotopes, and the only one of 

four of those that are radioactive with a half-life longer than 11 h (PETERSON, 

2007).   
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3.1.1.3 POLONIUM-210 

The chemical properties of Po are similar to Te as a Group VI (MOYER, 1956) 

(group 16 or chalcogen) element, the chemical family which also includes S, Se and 

Te.  Po chemistry is similar to Te, and valences of +2 (II) and +4 (IV) are well 

established (BAGNALL, 1957).  Po(IV) exists in solution, has been shown to form 

the hydroxide PoO(OH)2 (FIGGINS, 1961), and may exist environmentally in this 

form and as Na2PoCl6 and reduce to the more mobile Po(II) (BRUNSKILL, 1987).  

The principle seawater species is Po(OH)4 (HARADA, 1989), which has a solubility 

product 1E-37 (FIGGINS, 1961).  Freshwater solubility likely is enhanced by 

tetravalent complexing with dissolved oxygen (BENOIT, 1990), where between pH 

5 and 8.5 the predominant species is Po(IV)O2, although Po(II) can exist under 

reducing conditions (HUSSAIN, 1995).  A small region in the plot of Eh versus pH 

features insoluble PoS (KSP = 5.5E-29) in sulfidic waters.  At natural concentrations 

ranging 10-20-10-16 M (from 0.35 to 3500 mBq·L-1), polonide compounds are not 

formed (BROOKINS, 1988).  Po-210 is a “particle reactive” species which adsorbs 

to negatively charged particles (HARADA, 1989).   

Po-210 transforms by α-decay with a half-life of 138 d (NNDC, 2018), one of 

seven naturally occurring polonium isotopes, and the only with a half-life longer 

than 186 s (PETERSON, 2007).  There are no polonium isotopes in nature of greater 

abundance available for study.   

3.1.2 ATMOSPHERIC MEDIUM 

The mean atmospheric concentration of Rn-222 over continents is 4 mBq·m-3 

(ISRAEL, 1951), supported by average release of 8 mBq·m-2·s-1 (lognormal mean, 

n = 27) from soil at locations across the globe (TUREKIAN, 1977), and of up to 

40 mBq·m-2·s-1 from US soils (TUREKIAN, 2014).  Pb-210 and short-lived 

precursors decayed from Rn-222 become attached to aerosols and are swept from 

the atmosphere by precipitation and dry fallout with an atmospheric residence time 

of less than a week (POET, 1972).  Rn-222 measurements in the air at 78 

communities across Canada indicate little correlation with ground uranium 

concentration, but instead with occurrence of dry conditions and glacial lake clays 

which coincide in central Canada (GRASTY, 1994).   

Volatilization processes were neglected as detailed in this section.   

3.1.2.1 RADIUM-226 

The vapor pressure of radium is extrapolated from other alkaline earth metals to be 

on the order of 4E-19 Pa at 298 K (ALCOCK, 1984), and is likely much lower in 

chemical forms in the environment.  The anthropogenic contribution to the flow of 

Ra-226 on aerosol into the atmosphere is estimated at 4% (KOWNACKA, 1990), 

attributed to phosphate fertilizer and cement production, dwarfing the natural 

contribution from volcanoes, forest fires and erosion (JAWOROWSKI, 1976).   
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Reference atmospheric concentration is established for Ra-226 at 1 μBq·m-3, 

(UNSCEAR, 2000)3.  Radium is present in air in resuspended soil particles; an 

aerosol concentration of 50 μg·m-3 is assumed typically for inhalation pathway 

evaluation, which at the global average soil concentration of 32 Bq·kg-1 corresponds 

to 1.5 μBq·m-3 (IAEA, 2014).  Measurements of air sampled in the western United 

States indicate a bulk aerosol concentration of 10.7±7.5 μg·m-3 and corresponding 

concentration of Ra-226 on aerosol of 0.73±0.42 μBq·m-3 (n = 13) (MOORE, 1976).   

3.1.2.2 LEAD-210 

Applications of the Lake Ontario lead model in Chapter 2 demonstrated that, among 

the modelled processes, the contribution of volatilization to the transport of lead 

was insignificant.  The molar rate of volatilization to air, relative to rain, the next 

least significant process, was 1E‒16 or less for all scenarios.   

Measurements of Pb-210 on aerosol samples collected from New York City and 

upstate New York were consistent at about 0.8 mBq·m-3, in contrast to total lead 

concentrations in the city, which are higher by up to an order of magnitude (KNEIP, 

1970).  The Crystal Lake, Wisconsin study (section 3.2.1) shows similar overall 

deposition rates for stable lead and Pb-210.  However, the result is due to the 

concentration of Pb-210 in precipitation being about half that of lead, and 

conversely the scavenging ratio of Pb-210 being about double that of lead.  The 

differences are attributed to variation in lead sources and aerosol size associations 

(TALBOT, 1983).   

Ground level Pb-210 measurements of dust samples in the United Kingdom range 

from 0.16 to 0.41 mBq·m-3 (PEIRSON, 1966).  A global database of atmospheric 

Pb-210 indicates concentrations ranging from 0.9 mBq·m-3 at 90°W to 0.6 mBq·m-3 

at 70°W between 30°N and 60°N; and an average deposition velocity of 0.58 cm·s-1 

(PREISS, 1996).  Stable lead in rainwater is associated with sub-micron particles, 

and Pb-210 may have similar association (BENOIT, 1987).   

The anthropogenic contribution to the input of Pb-210 into the atmosphere is 

estimated at 0.3% (KOWNACKA, 1990).   

Table 8 shows measurements of atmospheric concentrations of Pb-210 and Po-210 

from various studies using the “±” notation for arithmetic means and standard 

deviations and the “⋇” notation for geometric means and standard deviations 

(KIRKWOOD, 1979)(LIMPERT, 2001).   

                                       
3 Annex B Table 14 (UNSCEAR, 2000) relying heavily on data for northern temperate 

latitudes in Annex A Table 11 (UNSCEAR, 1993) 
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Table 8.  Pb-210 and Po-210 concentration in the atmosphere near ground level 

Concentration mBq·m-3 
Location Source 

Pb-210 Po-210 

0.14 ≤0.012 England (estimated) (BURTON, 1960) 

0.11 0.010 global (mean) (MARSDEN, 1964) 

0.41±0.20 0.023⋇15 Colorado (n=20) (POET, 1972) 

0.2-0.7 0.003-0.08 western USA (n=12) (MOORE, 1973) 

0.11±0.05 0.030±0.011 Wisconsin (n=8) (TALBOT, 1983) 

0.503 0.0503,4 reference (UNSCEAR, 2000) 

0.42⋇1.5 NA Ottawa (n=373) (RPB, 2017) 

3.1.2.3 POLONIUM-210 

Early measurements found that polonium is considerably more volatile than 

originally predicted from Group VI (16) properties (MOYER, 1956).  More recent 

measurements revise the value for the monatomic vapour pressure to 4E-22 Pa at 

298 K (EICHLER, 2002), attributing the difference to energetic decay of Po-210 in 

the apparatus of the experiments (MAUGERI, 2014).   

Polonium may be volatile in some environments by biological metabolism and 

release of alkyl polonides.  The ocean surface is recognized as a potential source of 

Rn-222 decay products, including Po-210 (TUREKIAN, 1977).  Tracer scale studies 

provide evidence for the formation of dialkyl and diaryl polonides analogous to the 

behavior of selenium and tellurium (BAGNALL, 1983).  Polonium is processed as an 

analogue of sulfur, taken up rapidly by cell walls, cytoplasm and high molecular 

weight proteins of bacteria (CHERRIER, 1995).  Sea and air measurements of 

Rn-222, Pb-210 and Po-210 in the air and sea of the North Atlantic suggest 

volatility of alkylated polonium species (HUSSAIN, 1998).  Biologically mediated 

emission of polonium is observed from laboratory cultures of sea sediment 

(MOMOSHIMA, 2001) and freshwater involving distinct phylologenies (MOMOSHIMA, 

2002).  The coupling of osmoregulation with uptake of Po-210 by marine 

phytoplankton and negligible release of freshwater dimethyl sulfide are presented 

as evidence against metabolism of Po-210 by freshwater plankton (CHAI, 2004).  

The volatility of polonium may due to the most reduced form, H2Po (ANSOBORLO, 

2012).  The existence and activity of microbes capable of mobilizing Po-210 from 

low-oxygen lake bottom environments is unclear (NELSON, 2017).   

The removal activity ratio Po-210 / Pb-210 is estimated at 0.1 (BURTON, 1960), 

which at the reference concentrations given in Table 8 (UNSCEAR, 2000) would 

imply equal removal efficiency.  Atmospheric concentrations of Pb-210 and Po-210 

are variable by season (MARSDEN, 1964), having Po-210 / Pb-210 ratios ranging 

from 0.08 to 0.35 (PEIRSON, 1966).  Ground-level concentrations of Pb-210 and 

Po-210 are shown to be moderately correlated (r = 0.68) (POET, 1972).  Observed 

                                       
4 Annex A Table 10 (UNSCEAR, 1988) 
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atmospheric excess Po-210 relative to aerosol residence time are suggested to 

result from stratospheric input (GAVINI, 1974) or biochemical volatilization of 

polonium from oceans (HUSSAIN, 1995).   

The concentration of Po-210 and airborne particulate is observed to be correlated 

(r = 0.70) at Crystal Lake (section 3.2.1); the airborne particulate ranges from 

7 μg·m-3 in winter to 35 μg·m-3 in summer, suggesting a significant local snow-free 

contribution (TALBOT, 1983).   

3.1.2.4 DEPOSITION 

Pb-210 associates with aerosols in the from 0.1 to 0.5 μm range, large enough for 

Brownian motion diffusion and small enough for gravitational settling both to be 

low, such that precipitation scavenging is the primary atmospheric removal 

mechanism (TUREKIAN, 2014).  The concept of deposition velocity is proposed to 

relate dry deposition to the concentration in air at some reference point above the 

surface (CHAMBERLAIN, 1960).  The definition is extended by some authors to 

include net removal from the atmosphere by all processes, including wet and dry 

deposition (PREISS, 1996).  Washout ratios are species-specific, and are reported 

on a volume or mass basis distinguished by the density of standard air at about 

0.0012 kg·L-1 (ENGELMANN, 1971).  Mixed units represent the activity scavenged 

from 1 m3 of air by 1 kg of precipitation (HUSSAIN, 1998).  The scavenging ratio is 

affected by: particle size and aerosol hygroscopicity, which itself depends on 

chemical speciation and atmospheric history; and cloud type and precipitation 

intensity (ENCINAS, 2004).  Scavenging refers specifically to the removal of aerosol 

activity (“wet deposition”) from the atmosphere by rain, and washout to the 

removal from the atmosphere by both wet deposition and rain (MACKAY, 2001).  

Studies in the literature typically measure and report washout, while in fugacity 

models, washout is the effect (Equation A.11) of both partitioning by the 

aquivalence (fugacity) capacity and wet deposition by the scavenging ratio (Table 

A-3).   

Washout ratios from Pb-210 measurements in England are found to range from 600 

to 800 on a mass basis, attributed to regional variation in radon and climate 

(PEIRSON, 1966).  Wide ranges of washout ratios are observed near Crystal Lake, 

Wisconsin, being on a volume basis for lead from 1.9E+05  to 1.6E+06; for Pb-210 

from 4.9E+05  to 1.5E+06; and for Po-210 from 5E+04  to 1.1E+06, attributing 

the wider lead range to greater continental source variation, and the wider Po-210 

range to sporadic entrainment of soil particles and varying atmospheric residence 

time (TALBOT, 1983).  Precipitation and air sampled in the western United States 

measured for Ra-226 suggest a washout ratio of 974 on a mass basis (MOORE, 

1976).  The scavenging ratio Wg was formulated on a volume basis in the Ra-226 

model (Table F-2, Table G-2, Table H-2).   

Table 9 shows measurements of rain concentrations of Pb-210 and Po-210 from 

various studies.   
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Table 9.  Pb-210 and Po-210 concentration in rain 

Concentration 

mean±SD mBq·L-1 Location Source 

Pb-210 Po-210 

83 8.5 England (BURTON, 1960) 

54±56 NA western US (n=3) (RAMA, 1961) 

80⋇7.4 NA global (n=76) (PEIRSON, 1966) 

185±53 11⋇4.1 Colorado (n=7) (POET, 1972) 

108±2 14.5±2.1 Arkansas (n=71) (GAVINI, 1974) 

290 22 Wisconsin (time-weighted) (TALBOT, 1983) 

153±4.6 NA Ontario (n=8) (BRUNSKILL, 1987) 

80 NA Massachusetts (volume-weighted) (BENOIT, 1987) 

260±140 41±59 India (n=25) (PILLAI, 1988) 

Global measurements of Pb-210 and Po-210 in rain indicate higher concentrations 

at continental locations (PEIRSON, 1966).  Measurements in Arkansas show that 

the ratio of Po-210 to Pb-210 concentrations was 0.14⋇5.5 (n=71) and are 

correlated (r = 0.67); variation in the ratio is attributed to episodic rainfall events 

and air mass lifetimes (GAVINI, 1974).   

Precipitation and air sampled in the western United States are measured for 

Ra-226, indicating rain concentrations  58±33 mBq·L-1 (n = 17) (MOORE, 1976).  

Measurements of Ra-226 in rain water in India show concentrations of 

33±44 mBq·L-1 (n=25) (PILLAI, 1988).  Rainwater samples from southern Spain 

show Ra-226 concentrations 6.9⋇5.0 mBq·L-1 (n=18) (MARTÍNEZ-AGUIRRE, 1991).   

Atmospheric fallout of Pb-210 varies little geographically integrated over a year or 

more, while fallout of Po-210 varies by an order of magnitude geographically.  

Pb-210 concentrations over northern latitudes are reduced by snow and ice cover.  

(PERSSON, 2011).  Table 10 shows measurements of atmospheric deposition of 

Pb-210 and Po-210 from various studies.   
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Table 10.  Atmospheric deposition of Pb-210 and Po-210 

Deposition 

(Bq·m-2·a-1) Location Source 

Pb-210 Po-210 

61 NA England (rain, mean) (BURTON, 1960) 

73 NA global (rain, annual) (PEIRSON, 1966) 

100 NA North Atlantic (total, estimate) (BACON, 1976) 

70⋇6.7 NA global (n=38) (TUREKIAN, 1977) 

233 19 Wisconsin (wet, estimate) (TALBOT, 1983) 

26 1.85 Wisconsin (dry, estimate) (TALBOT, 1983) 

96 NA Massachusetts (wet, mean) (BENOIT, 1987) 

80 NA Ontario (total, mean) (BRUNSKILL, 1987) 

18 7.3 Australia (dry, mean) (PETTERSSON, 1991) 

The dry deposition fluxes shown in Table 10 representing the Ranger Mine, 

Australia are measured by horizontal plane deposition 100 km from the open pit.  

The technique also indicates Ra-226 deposition of about 6 Bq·m-2·a-1 (mean) 

(PETTERSSON, 1991).   

A study near Crystal Lake (section 3.2.1) shows that most activity is carried on 

sub-micron particles but deposited in association with particles of diameter >1 μm 

(TALBOT, 1983).   

Table 11 shows some reported dry deposition velocities calculated from 

measurements of Pb-210.   

Table 11.  Dry deposition velocities for Pb-210 

Deposition 
velocity (cm·s-1) 

Application Source 

0.43-1.33 UK, US, Australia (TUREKIAN, 1977) 

0.3 
particulate air ingrowth of Rn-222 

daughters (estimated Ø=0.003 μm) 
(USNRC, 1980) 

(THOMAS, 2000) 

0.25±0.15 Australia (estimate) (PETTERSSON, 1991) 

3.1.3 AQUEOUS MEDIUM 

SPM in Lake 239 of the Experimental Lakes Area is measured to range <1-10 mg·L-1 

normally and reach 30 mg·L-1 in association with the ascending limb of rainstorm 

hydrographs (BRUNSKILL, 1987).  Rivers have the capacity to carry higher SPM 

concentrations than freshwater lakes due to the force of flowing water (MUDBIDRE, 

2014).   
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3.1.3.1 RADIUM-226 

Measurements of Ra-226 in samples from Great Slave Lake, Northwest Territories 

show dissolved concentrations ranging from 0.8 to 2.8 mBq·L-1, and no detectable 

concentrations in association with SPM (ELLIOTT, 1981).  Measurements of surface 

samples from background condition Experimental Lakes Area lakes show Ra-226 

concentrations ranging from 0.4 to 3.0 mBq·L-1 (HESSLEIN, 1984) and from 5.7 to 

8.8 mBq·L-1 (CLULOW, 1998B).  Measurement of water sampled through the depth 

of the Bickford Pond (section 3.3.4) shows the concentration of Ra-226 at 

<0.17 mBq·L-1 (BENOIT, 1987).  An Ottawa River study shows that 99% of the 

Ra-226 is transported in the dissolved phase at an average concentration of 

5.1 mBq·L-1 (JOSHI, 1990).  Ra-226 concentrations in freshwater are low and lie in 

a narrow range, generally from 0.5 to 20 mBq·L-1, but are measured up to 3 Bq·L-1 

in mining areas (IAEA, 1990).  Decreasing sulphate concentrations in two Serpent 

River watershed lakes near Elliot Lake, Ontario affected by past mining activity are 

expected to indicate release of barium sulphate and associated radium, elevating 

the concentration of Ra-226 (RUSSEL, 2011).   

3.1.3.2 LEAD-210 & POLONIUM-210 

Figure 2 shows concentrations determined for samples taken at Crystal Lake, 

Wisconsin.  The measurements are of samples collected between May and October 

in 1979/80 over the range of lake depth, from 1 to 20 m (TALBOT, 1984).  Figure 3 

shows concentrations determined for samples taken at Bickford Pond, 

Massachusetts in 1982/83 (BENOIT, 1987).   
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Table 12 shows mean concentrations determined for samples taken at Bickford 

Pond between June and October 1985 (BENOIT, 1990).  The higher concentrations 

of both nuclides at 12 m depth nearest the sediment vary seasonally and peak in 

late September.   

Table 12.  Bickford Pond Pb-210, Po-210 concentrations in 1985 

  Concentration (mean±SD) 

(Bq·m-3) n 
Pb-210 Po-210 

dissolved particulate dissolved particulate 

1 m depth 7 0.71±0.31 1.42±0.32 0.62±0.29 0.66±0.14 

12 m depth 12 4.7±4.0 4.1±2.1 3.7±2.0 7.5±4.9 

Table 13 indicates the Clinton River concentrations measured at four locations along 

a 25 km length over four months (MUDBIDRE, 2014).   

Figure 3.  Bickford Pond concentrations Figure 2.  Crystal Lake concentrations 

lake (L), stream (S), dissolved (D), particulate (P) 
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Table 13.  Clinton River Pb-210, Po-210 concentrations 

(Bq·m-3) 
Pb-210 Po-210 

dissolved particulate dissolved particulate 

n 13 16 13 13 

range 0.8-9.0 0.2-9.8 1.0-5.3 0.5-2.7 

geometric mean 3.3 2.3 2.3 1.3 

Concentrations vary seasonally and by SPM association.  Higher winter than 

summer concentrations are observed in samples from two unaffected lakes near 

Elliott Lake measured for Pb-210, ranging from 1 to 14 mBq·L-1 (CLULOW, 1998A), 

and from Odra River and tributaries in Poland measured for Po-210 (SKWARZEC, 

2008).  In the Rhone watershed, Switzerland, 85% of the activity is exported from 

the watershed adsorbed to SPM, represented by a total activity of about 8 mBq·L-1 

in July and August and 2 mBq·L-1 in other months (DOMINIK, 1987).  An Ottawa 

River study shows that 77% of the Pb-210 is transported in the dissolved phase 

from a relatively steady total average concentration of about 4 mBq·L-1 (JOSHI, 

1990).  In seawater, iron oxides scavenge Pb-210 and Po-210, and concentration 

ratios of the nuclides are affected by biological activity (BACON, 1976).  Biological 

uptake and recycling governs marine concentrations of Po-210 significantly, but 

nonbiogenic particles and dissolved organic carbon likely limit the effect in 

temperate freshwater (BENOIT, 1990).  In freshwater, Pb-210 is more particle 

reactive than Po-210, a reversal of marine observations (CHAI, 2004).  Stable lead 

is complexed in stream water by dissolved organic compounds, and Pb-210 may 

have similar association (BENOIT, 1987).  Po-210 concentration in freshwater is 

strongly correlated with silicon, total organic carbon, sulfate, and temperature 

(NELSON, 2017).  Average concentrations of Po-210 are higher in seasonally anoxic 

freshwater (KIM, 2011), correlated with the release of Fe and Mn oxides and 

oxyhydroxides from sediment (BENOIT, 1990)(KIM, 2005).  Pb-210 may be more 

closely associated with iron, and Po-210 with manganese, while both nuclides are 

influenced by sulfur cycling (BALISTRIERI, 1995).   

3.1.4 SEDIMENT MEDIUM 

A sedimentation rate of 1E-03 m·a-1 is given for Canadian Shield lakes among 

guidelines for deriving release limits of radionuclides (CSA, 2014).  The rate is 

based on measurements of fossil diatom and pollen in sediment cores from Quirke 

Lake, Ontario in the uranium mining district of Elliot Lake, which indicate settling 

from 96 to 185 g·m-2·a-1 in the post mining period and from 34 to 64 g·m-2·a-1 in the 

pre-mining period (MCKEE, 1987).  Table 14 shows sedimentation rates from study 

data.   
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Table 14.  Study sedimentation rates 

Sedimentation rate (Bq·m-2·d-1) 
Source 

Ra-226 Pb-210 Po-210 

NA 0.80 NA Crystal Lake (TALBOT, 1984) 

NA 0.20-0.56 NA Rhone watershed, Switzerland (DOMINIK, 1987) 

0.93-4.3 3.3-7.1 3.8-8.8 Quirke Lake, Ontario (MCKEE, 1987) 

The Quirke Lake sedimentation rates, affected by mining activity, is estimated to be 

about 2 orders of magnitude greater than the pre-mining period, and from 1 to 3 

times greater than uncontaminated arctic lakes (MCKEE, 1987).  The range of 

Quirke Lake Pb-210 sedimentation rates are about one order of magnitude above 

the value determined for Crystal Lake and the range determined in the Rhone 

watershed.  Table 15 shows sediment concentrations from study data.   

Table 15.  Study sediment concentrations 

Sediment concentration (Bq·g-1) 
Source 

Ra-226 Pb-210 Po-210 

0.002-0.056 NA NA sandy - organic, Lake 224 (HESSLEIN, 1984) 

2-17 8-23 8-23 Quirke Lake, 1984 (MCKEE, 1987) 

NA 0.5 NA unaffected lakes, Elliot Lake (CLULOW, 1998A) 

0.007-0.34 NA NA unaffected lakes, Elliot Lake (CLULOW, 1998B) 

0.37-2.2 0.31-2.5 0.27-2.6 Experimental Lakes Area (HART, 2011) 

2.2 2.3 2.6 Quirke Lake, 2009 (HART, 2011) 

Distribution of a chemical species between a solution and a solid by adsorption can 

under certain circumstances obey a simple distribution law: 

 𝐶𝑆 = K ∙ C (34) 

where C is the concentration in solution and CS is the concentration on the solid 

(LERMAN, 1979).  The factor K is the distribution coefficient, given for sediment Kd 

by Equation A.33 and by extension for SPM Kp by Equation A.34.  The factor K is a 

function of temperature, solution composition, and the nature of the solid 

substrate, and is applicable to dilute solutions where concentration can be used 

instead of thermodynamic activity (LERMAN, 1979).   

3.1.4.1 RADIUM-226 

The limited data for radium adsorption on sediment indicates that it decreases with 

increasing ionic strength, being the most strongly adsorbed alkaline earth metal by 

ion exchange on clay minerals (WILHELM, 2004).   

The Langmuir adsorption model accounts for site-limited adsorption (LANGMUIR, 

1918); a modified distribution coefficient of that form was suggested on the basis 
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of measurements of 25 river sediments5 (BENEŠ, 1982).  A strong correlation is 

reported between depth and sediment content of Ra-226 (r=0.95, p<0.01) 

(HESSLEIN, 1984).  In one of a set of compiled studies (CIFFROY, 2009)(IAEA, 

2009B), laboratory measurements of sediments from the Ploucnice River, Czech 

Republic yield data for the radium adsorption fraction, showing significant variation 

as a function of pH, ionic strength, calcium and sulphate concentration (BENEŠ, 

1986).   

Table 16 lists Ra-226 distribution coefficients compiled from study data.   

Table 16.  Ra-226 distribution coefficients from study data 

Kd or Kp (L·kg-1) Source 

3.6E+02 sediment, 25 rivers (low) (BENEŠ, 1982) 

1.7E+04 sediment, 25 rivers (high) (BENEŠ, 1982) 

5.4E+03 sediment, Danube River (SZTANYIK, 1984) 

3.0E+02 sediment, River Paka, Slovenia (MLJAČ, 1996)6 

2.0E+04 SPM, Lake 239, Ont. (low) (BRUNSKILL, 1987) 

2.0E+05 SPM, Lake 239, Ont. (high) (BRUNSKILL, 1987) 

7.8E+03 SPM, Ottawa River (JOSHI, 1990) 

1.4E+04 SPM, Jucar River, Spain (SANCHEZ, 1999)7 

1.3E+03 sediment & SPM, 5th percentile of 7 studies (CIFFROY, 2009) 

5.0E+04 sediment & SPM, 95th percentile of 7 studies (CIFFROY, 2009) 

7.4E+03 sediment & SPM, geometric mean of 7 studies (IAEA, 2009B) 

3.1.4.2 LEAD-210 & POLONIUM-210 

A Black Sea study suggests that dissolved organic carbon rather than inorganic SPM 

are the major carriers of Po-210, and that release from sediments can result in 

Po-210 excess above equilibrium with Pb-210 in water (WEI, 1994).  Sediment 

concentrations of Pb-210 and Po-210 are shown to be significantly higher than 

equilibrium with Ra-226, and suggest that mechanisms may support concentrations 

of Po-210 marginally higher than equilibrium with Pb-210 (NELSON, 2017).   

An inverse relationship between solid concentration and distribution coefficient, the 

particle concentration effect (O’CONNOR, 1980), is observed from Pb-210 

measurements of the Rhone watershed, Switzerland (DOMINIK, 1987), Perch Lake 

and Maskinonge Lake (WANG, 1993) and New England rivers, and is suggested to 

be due to colloids and large diameter SPM (BENOIT, 1999).  This explanation would 

                                       
5 Mansfeld A, Hanslík E (1980) The Effect of Mining Radioactive Raw Materials on the Quality 

of Surface Waters. Prague, Water Research Institute, Final Report C16–331-112-03-04. 
6 Lower range of compilation (CIFFROY, 2009)(IAEA, 2009B) 
7 Upper range of compilation (CIFFROY, 2009)(IAEA, 2009B) 
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be amenable to the steady-state model (section 3.3) which does not account for 

particle size.   

Table 17 lists distribution coefficients of Pb-210 and Po-210 calculated from study 

measurements.  Perch Lake and Maskinonge Lake demonstrate much higher SPM 

than sediment distribution coefficients (WANG, 1993).  In freshwater, Pb-210 is 

more particle reactive than Po-210, reflected in marginally higher distribution 

coefficients, a reversal of marine observations (CHAI, 2004).  Distribution 

coefficients lower by about two orders of magnitude are measured in the Clinton 

River (section 3.2.3) (MUDBIDRE, 2014).  Lower distribution coefficients are 

posited for acid mine drainage conditions (BLASCO, 2016).   

Table 17.  Pb-210 and Po-210 distribution coefficients from study data 

Kd or Kp (L·kg-1) 
Source 

Pb-210 Po-210 

5.0E+04 particle, Lake 239, Ontario (low) (BRUNSKILL, 1987) 

3.3E+05 particle, Lake 239, Ontario (high) (BRUNSKILL, 1987) 

1.9E+05 NA particle, Ottawa River (JOSHI, 1990) 

6.4E+06 1.7E+06 particle, Lake Sammamish, Wash. (BALISTRIERI, 1995) 

1.2E+07 1.1E+07 particle, Lake Superior (CHAI, 2004) 

8.0E+04 7.0E+04 particle, Clinton River, Michigan (MUDBIDRE, 2014) 

NA 2.5E+05 particle, Huelva, Spain (BLASCO, 2016) 

5.4E+05 6.8E+05 particle, Chalk River, Ontario8 (low) (WANG, 1993) 

5.6E+06 6.1E+06 particle, Chalk River, Ontario8 (high) (WANG, 1993) 

6.7E+05 1.3E+05 sediment9, Chalk River, Ontario8 (low) (WANG, 1993) 

1.3E+04 3.8E+05 sediment9, Chalk River, Ontario8 (high) (WANG, 1993) 

3.2 FRESHWATER STUDIES 

3.2.1 CRYSTAL LAKE 

Crystal Lake, Wisconsin is a 31 ha lake of maximum depth 21 m and average depth 

10.4 m without inflow or outflow, and with little groundwater interaction (TALBOT, 

1984).  The body is a seepage lake with a residence time of about 20 a (BENOIT, 

1987).  The surrounding soils are sandy and permeable, minimizing runoff.  The 

water is low in carbonate, phosphorus and silica.  Thermal stratification occurs 

during the summer, and the authors speculate that reduced conditions developed 

near the sediment interface by fall turnover.  Sediment consists of a significant 

                                       
8 Perch & Maskinonge Lake 
9 top 2 cm 



 

41 

 

proportion of diatom frustules and pollen grains.  Water and SPM-adsorbed Pb-210 

and Po-210 are measured over depths for a year in 1979/80, as summarized in 

Figure 3.  SPM-adsorbed Pb-210 is found to be highly correlated with biological 

activity, but also turnover events.  Concentrations peak during spring bloom and 

decrease by an order of magnitude over the stratification interval.  The annual 

average SPM concentration of 0.5 mg·L-1 spikes to 1 mg·L-1 during the summer 

plankton bloom.  Dissolved Po-210 is in deficit relative to Pb-210 overall, and there 

are more cases of SPM-adsorbed excess, and these cases are positively correlated 

with depth.  Dissolved and SPM phases are separated by 0.45 μm filters (TALBOT, 

1984).   

3.2.2 BICKFORD POND 

Bickford Pond, Massachusetts is a 60 ha lake of maximum depth 13 m and average 

depth 5.7 m fed by two streams that regularly drain a 760 ha watershed, and 

overflow from a 770 ha catchment.  Runoff flow is 1.37E+07 m3·a-1, and rainfall 

7E+05 m3·a-1.  The water is of low ionic strength and dissolved solids content.  

Water and particulate Pb-210 and Po-210 in the tributaries and lake are 

summarized in Figure 2.  Dissolved and particle phases ware  separated by 0.45 μm 

filters (BENOIT, 1987).   

3.2.3 CLINTON RIVER 

Clinton River, Michigan drains 1980 km2 of the northern suburbs of Detroit and 

travels about 125 km to drain into Lake St. Clair.  The concentration of SPM was 

measured to range from 4.2 to 15.2 mg·L-1, which is higher than freshwater lakes, 

but typical of rivers.  The SPM-adsorbed concentrations of Pb-210 and Po-210 are 

low relative to the Crystal Lake and Bickford Pond studies.  Coloured water samples 

after 0.5 μm filtration are attributed to macromolecular colloidal material, which 

would skew the phase balance towards the dissolved fraction.  Dissolved and SPM 

phases are separated by 0.4 μm filters (MUDBIDRE, 2014).   

3.3 METHOD 

3.3.1 RA-226 MODEL 

A radioactive series (Ra-226) model was constructed by linking separate modules 

with first order decay processes in the water and sediment media.  Figure 1 shows 

the intermediary nuclides with short half-lives that reach equilibrium with parent 

nuclides quickly.  The longest lived is Bi-210, which has a half-life of five days.   

The Table A-2 processes were extended to include radioactive decay of nuclides in 

water qλW, and sediment qλS: 

 𝑞𝜆𝑊 = 𝐷𝜆𝑊𝔸𝑊 (35) 

 𝑞𝜆𝑆 = 𝐷𝜆𝑆𝔸𝑆 (36) 
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The Table A-2 transport parameters were extended to include radioactive decay of 

nuclides in water DλW and sediment DλS: 

 𝐷𝜆𝑊 = 𝑄𝜆𝑊ℤ𝑊𝑇 (37) 

 𝐷𝜆𝑆 = 𝑄𝜆𝑆ℤ𝑆𝑇 (38) 

Volumetric decay in water QλW and sediment QλS were formulated as: 

 𝑄𝜆𝑊 = 𝐴𝐿𝐴𝑑𝐿𝐴𝜆 (39) 

 𝑄𝜆𝑆 = 𝐴𝑆𝐸𝑑𝑆𝐸𝜆 (40) 

These expressions introduce new variables to the model: 

 dLA depth of water body [L] 

 dSE depth of sediment [L] 

 λ radioactive decay constant [T-1] 

The decay constant is defined for the first order radioactive transformation as: 

 𝜆 =
ln 2

𝑡1/2
 (41) 

where 

 t1/2 radioactive half life [T] 

The decay process must be incorporated into a model with appropriate units.  The 

SI unit for decay is the becquerel (Bq) defined as the number of disintegrations per 

second s-1, or atoms·s-1.  Since the model balance was expressed in amount and 

time bases of mols and hours, the decay constant was converted to these units: 

 𝜆ℎ =
ln2

𝑡1/2

1

𝑁𝐴

3600𝑠

ℎ
 (42) 

where 

 NA Avogadro’s number, 6.02E-23 atoms·mol-1 

Another requirement for incorporation into a model was to account for the 

transformation of Ra-226 to Pb-210, and of Pb-210 to Po-210, linking the modules.  

Subscripts 1, 2 and 3 were assigned to Ra-226, Pb-210 and Po-210 respectively.   

The sediment balance incorporating decay was from Equation A.1, representing 

nuclide i and parent nuclide i-1: 

 (𝐷𝐷𝑖 + 𝐷𝑇𝑆𝑖)𝔸𝑊𝑖 + 𝐷𝜆𝑆𝑖−1𝔸𝑆𝑖−1 − (𝐷𝑅𝑖 +𝐷𝑇𝑊𝑖 + 𝐷𝐵𝑖 + 𝐷𝜆𝑆𝑖)𝔸𝑆𝑖 = 0 (43) 

Consistent with the definitions introduced earlier (Equation 19 and 20) to enable a 

separate sediment-water diffusion coefficient kTW, a volumetric rate QTS and 



 

43 

 

transport parameter DTS were made explicit for the water-sediment diffusion 

coefficient kTS: 

 𝑄𝑇𝑆 = 𝑘𝑇𝑆𝐴𝑆𝐸 (44) 

 𝐷𝑇𝑆 = 𝑄𝑇𝑆ℤ𝑊 (45) 

The new terms accounted for transformation in the sediment: ingrowth from the 

parent nuclide, i-1, and decay i: 

 𝐷𝜆𝑆𝑖−1𝔸𝑆𝑖−1 (46) 

 𝐷𝜆𝑆𝑖𝔸𝑆𝑖 (47) 

The water balance incorporating decay was from Equation A.2: 

 
𝐸𝑤𝑖 + (𝐷𝑋𝑖 + 𝐷𝐼𝑖)𝔸𝑊𝐼𝑖 + (𝐷𝑀𝑖 + 𝐷𝐶𝑖 + 𝐷𝑄𝑖 + 𝐷𝑉𝑖)𝔸𝐴𝑖 + (𝐷𝑇𝑊𝑖 + 𝐷𝑅𝑖)𝔸𝑆𝑖 + 𝐷𝜆𝑊𝑖−1𝔸𝑊𝑖−1

− (𝐷𝐽𝑖 + 𝐷𝑌𝑖 + 𝐷𝐷𝑖 + 𝐷𝑇𝑆𝑖 + 𝐷𝑉𝑖 + 𝐷𝜆𝑊𝑖)𝔸𝑊𝑖 = 0 
(48) 

The new terms accounted for transformation in the water: ingrowth from the parent 

nuclide, i-1, and decay i: 

 𝐷𝜆𝑊𝑖−1𝔸𝑊𝑖−1 (49) 

 𝐷𝜆𝑊𝑖𝔸𝑊𝑖 (50) 

The sediment balance incorporating decay from Equation 43 was: 

 𝔸𝑆𝑖 =
(𝐷𝐷𝑖 + 𝐷𝑇𝑆𝑖)𝔸𝑊𝑖 + 𝐷𝜆𝑆𝑖−1𝔸𝑆𝑖−1
𝐷𝑅𝑖 +𝐷𝑇𝑊𝑖 + 𝐷𝐵𝑖 + 𝐷𝜆𝑆𝑖

 (51) 

The water aquivalence from Equation 48 and 51 was: 

 𝔸𝑊𝑖 =
𝐸𝑤𝑖 + (𝐷𝑋𝑖 + 𝐷𝐼𝑖)𝔸𝑊𝐼𝑖 + (𝐷𝑀𝑖 + 𝐷𝐶𝑖 + 𝐷𝑄𝑖 +𝐷𝑉𝑖)𝔸𝐴𝑖 + 𝐷𝜆𝑊𝑖−1𝔸𝑊𝑖−1 +

(𝐷𝑇𝑊𝑖 +𝐷𝑅𝑖)(𝐷𝜆𝑆𝑖−1𝔸𝑆𝑖−1)
𝐷𝑅𝑖 +𝐷𝑇𝑊𝑖 +𝐷𝐵𝑖 + 𝐷𝜆𝑆𝑖

𝐷𝐽𝑖 + 𝐷𝑌𝑖 + 𝐷𝐷𝑖 +𝐷𝑇𝑆𝑖 + 𝐷𝑉𝑖 +𝐷𝜆𝑊𝑖 −
(𝐷𝑇𝑊𝑖 + 𝐷𝑅𝑖)(𝐷𝐷𝑖 + 𝐷𝑇𝑆𝑖)
𝐷𝑅𝑖 +𝐷𝑇𝑊𝑖 +𝐷𝐵𝑖 + 𝐷𝜆𝑆𝑖

 (52) 

The last two terms in the numerator applied only to Pb-210 and Po-210, since 

Ra-226 has no precursor in the Ra-226 model.   

The water column mean removal residence time to sediment, τTW (TALBOT, 1984), 

was a product of the volumetric concentration ℤWT·𝔸W (Equations A.5, A.9) and 

volume ALA·dLA divided by the settling and net diffusion flux process rates from 

Table A-2 : 

 𝜏𝑇𝑊 =
ℤ𝑊𝑇𝔸𝑊𝐴𝐿𝐴𝑑𝐿𝐴
𝑞𝑇𝑆 − 𝑞𝑇𝑊 + 𝑞𝐷

 (53) 
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The water column mean removal residence time by all processes, τT, was from the 

removal process rates from Table A-2 : 

 𝜏𝑇 =
ℤ𝑊𝑇𝔸𝑊𝐴𝐿𝐴𝑑𝐿𝐴

𝑞𝐽 + 𝑞𝑌 + 𝑞𝑉𝐴 + (𝑞𝑇𝑆 − 𝑞𝑇𝑊 + 𝑞𝐷)+𝑞𝜆𝑊
 (54) 

3.3.2 OPTIMIZATION 

In each study modelled, the sediment concentrations were unmeasured, so the 

Ra-226, Pb-210 and Po-210 input sediment concentration COS model parameters 

were adjusted during optimization.  The Bickford Pond study Ra-226 water 

concentration is also unmeasured, so the Ra-226 observed water concentration COW 

in that scenario was adjusted.  These concentrations were input to the sediment 

distribution coefficients Kd, which along with the other input parameters, were used 

in the Ra-226 model to calculate the output concentrations.   

The general optimization method was to find values for adjusted parameters that 

result in consistent input and model concentrations for water, SPM and sediment: 

COW/CW = COP/COP = COS/CS =1.  The concentrations were adjusted with the other 

unfixed parameters (alone or together as required).  The adjusted parameters were 

generally settling flux FS, and as necessary diffusion kTW or kTS, and emission Ew.  

COW and COP were summarized from measurement data and fixed for each scenario, 

except for the Ra-226 water concentration COW3 (and corresponding COP3 by the set 

Kp3) in the Crystal Lake scenario.  Sediment concentrations of each nuclide COS were 

adjusted in each scenario.  The unfixed parameter adjustments were made for each 

of the nuclides in decay sequence: Ra-226, Pb-210 and Po-210.  The sequence 

enabled Equations 51 and 52 to be solved for each of the nuclides without iteration.   

The Ra-226 model was constructed with scaling factors to enable initial parameter 

estimates to be adjusted in steps during optimization (SOUTHWOOD, 

1989)(MACKAY, 2001).   

3.3.3 CRYSTAL LAKE 

Pb-210 and Po-210 are measured in aerosol and rain at a site near Crystal Lake to 

estimate wet and dry deposition (TALBOT, 1983).  Talbot analyzes the lake with a 

two-layer model to explore the reduced conditions that are thought to develop near 

the sediment during stratification, where removal is by particle deposition only 

(TALBOT, 1984).   

A scenario was optimized for Crystal Lake according to the parameters detailed in 

Appendix F by adjusting: 

• Flux of settling particles FS 

• Pb-210 diffusion coefficient water-sediment kTS 

• Pb-210 emission to water EW 

• Po-210 diffusion coefficient sediment-water kTW 
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3.3.4 BICKFORD POND 

Benoit studies the 1982/83 data with a two-layer, first order model having an 

epilimnion accepting atmospheric and stream input, and a hypolimnion.  

Scavenging is the balance of in-growth, decay, and time-step concentration change, 

and additionally in the epilimnion inflow, precipitation, and outflow.  Sedimentation 

is the balance of in-growth, scavenging, decay, and time-step concentration 

change, and additionally in the epilimnion inflow and outflow.  Sedimentation in the 

hypolimnion also includes a term for input from epilimnion sedimentation.  

(BENOIT, 1987) 

Studies during intervening years reveal that anoxic conditions were typical, and 

comprehensive data in 1985/86 shows an increase in Pb-210 and Po-210 

concentrations.  Benoit analyzes these data with more detailed models (BENOIT, 

1990).   

A scenario was optimized for Bickford Pond according to the parameters detailed in 

Appendix G by adjusting: 

• Flux of settling particles FS 

• Ra-226 diffusion coefficient water-sediment kTS 

• Pb-210 diffusion coefficient sediment-water kTW 

• Pb-210 emission to water EW 

• Po-210 diffusion coefficient sediment-water kTW 

3.3.5 CLINTON RIVER 

A scenario was optimized for Clinton River according to the parameters detailed in 

Appendix H by adjusting the Ra-226, Pb-210 and Po-210 emissions to water EW.   

3.4 RESULTS 

Table 18 shows the sediment distribution coefficient Kd values determined by the 

optimization process and those from the literature that were used as reference 

guides during the optimization process.  The Pb-210 and Po-210 values cover a 

relatively narrow range, representing field measurements at Perch Lake, Ontario 

and nearby Maskinonge Lake, and laboratory conditions simulating Perch Lake and 

the local stretch of the Ottawa River (WANG, 1993).  The Ra-226 model 

optimization set Pb-210 and Po-210 sediment distribution coefficients Kd for Crystal 

Lake and Bickford Pond about an order of magnitude above the reference values.  

The Pb-210 and Po-210 sediment distribution coefficients Kd set for Clinton River 

were marginally below the reference values.  Among the Ra-226 sediment 

distribution coefficients Kd, only the Bickford Pond value was set outside the 

reference range, higher by an order of magnitude.  Table 19 shows that the Clinton 
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River Pb-210 and Po-210 SPM distribution coefficients Kp were out of the reference 

range, being lower by an order of magnitude.   

Table 18.  Sediment distribution coefficients – model and literature 

Sediment Kd (L·kg-1) Ra-226 Pb-210 Po-210 

Crystal Lake (section 3.4.1, Appendix F)  6.6E+03  1.8E+06  2.6E+06 

Bickford Pond (section 3.4.2, Appendix G)  7.5E+04  1.5E+06  1.6E+06 

Clinton River (section 3.4.3, Appendix H)  7.9E+03  4.4E+04  5.8E+04 

literature - lower  3.0E+0210  6.7E+0411  1.3E+0511 

literature - upper  7.9E+0312  1.3E+0511  3.8E+0511 

Table 19.  SPM distribution coefficients –model and literature 

SPM Kp (L·kg-1) Ra-226 Pb-210 Po-210 

Crystal Lake (section 3.4.1, Appendix F) 

 7.9E+0313 

 3.1E+06  3.9E+06 

Bickford Pond (section 3.4.2, Appendix G)  2.8E+06  1.5E+06 

Clinton River (section 3.4.3, Appendix H)  5.4E+04  7.5E+04 

literature – lower  5.4E+0511  6.8E+0511 

literature - upper  5.6E+0611  6.1E+0611 

3.4.1 CRYSTAL LAKE 

Figure 4 shows the process diagram for Crystal Lake from the optimization detailed 

in Appendix F.  The settling flux FS was adjusted to set the contribution by Ra-226 

decay to Pb-210 water column inputs at 3% as estimated in the original study 

(TALBOT, 1984).  Then the Pb-210 water-sediment diffusion coefficient kTS2 and 

emission to water EW2 were adjusted to set the net water-sediment flux (accounting 

for the Table A-2 settling and diffusion process rates, qD+qTS-qTW) to the 

sedimentation rate estimated in the original study, 1.73E-11 mol·h-1 (TALBOT, 

1984).  Finally, the sediment-water diffusion coefficient kTW3 was adjusted to make 

the input and output dissolved water concentration of Po-210 consistent.   

                                       
10 From p.S343 (MLJAČ, 1996) 
11 From Table 4 range of central values over Perch Lake & Maskinonge Lake (WANG, 1993) 
12 From Table 3 & Table 5 calculated geometric mean (SANCHEZ, 1999) 
13 From Table 6 mode Log10(Kd)=3.9 (CIFFROY, 2009); scenario constraint 
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Figure 4.  Crystal Lake process diagram 

Table 20 shows the overall water process rates for each of the nuclides and 

contributions to input and output  

Table 20.  Crystal Lake water process rates and contributions 

process 
Ra-226 Pb-210 Po-210 

mol·h-1 % mol·h-1 % mol·h-1 % 

Inflow 0  0 0  0 0  0 

Atm. deposition 1.81E-11  100 1.54E-11  89 2.07E-14  36 

Decay in NA  NA 4.77E-13  3 3.67E-14  64 

Emission 0  0 1.42E-12  8 0  0 

Total in 1.81E-11  100 1.73E-11  100 5.75E-14  100 

Outflow 0  0 0  0 0  0 

Sedimentation 1.76E-11  97 1.73E-11  100 2.70E-14  47 

Decay out 4.77E-13  3 3.67E-14  0 3.05E-14  53 

Total out 1.81E-11  100 1.73E-11  100 5.75E-14  100 

Table 20 demonstrates the ingrowth contribution to Pb-210 input (3%) and Pb-210 

sedimentation rate (1.73E-11 mol·h-1) constraints.  The imposed 8% emission 

contribution to total Pb-210 input to water was a small contribution relative to the 

atmospheric input.  Ingrowth contributes 64% of the Po-210 inputs, yielding a net 
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radioactive balance (ingrowth minus decay) of +11% of the rate of input or output.  

The balance was lost to sediment.  Sedimentation accounts for 47% of the water 

column sink, representing 1.3 times the atmospheric deposition.   

Table 21 shows the water column removal residence times to sediment reported in 

the Crystal Lake study (TALBOT, 1984)(TANAKA, 1983), and the times calculated 

from the Ra-226 model for the Appendix F Crystal Lake scenario by Equation 53, 

τTW, and to all sinks by Equation 57, τT (including decay).   

Table 21.  Crystal Lake water residence times 

removal residence time 
Ra-226 Pb-210 Po-210 

y d d 

study sedimentation (TALBOT, 1984)   NA  35  95 

Ra-226 model by Eq. 53,τTW: sedimentation  62  25  225 

Ra-226 model by Eq. 57,τT: all sinks  61  25  106 

The Ra-226 model sedimentation residence time versus the study for Pb-210 was 

71%, and for Po-210 was 240%.   

3.4.2 BICKFORD POND 

Figure 5 shows the process diagram for Bickford Pond from the optimization 

detailed in Appendix G.  The flux of settling particles FS and Pb-210 emission to 

water EW2 were adjusted to set the Pb-210 settling flux (accounting for the Table 

A-2 settling process rate, qD) to the settling rate estimated in the original study, 

7.69E-11 mol·h-1 (from the Table III average at 11.2 m, 1.65 dpm·cm-2·a-1) 

(BENOIT, 1990) and to make the input and output dissolved water concentration of 

Pb-210 consistent.  The Ra-226 water-sediment diffusion coefficient kTS1 and 

Po-210 sediment-water diffusion coefficient kTW3 were adjusted to make the input 

and output dissolved water concentrations of Ra-226 and Pb-210 consistent.   
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Figure 5.  Bickford Pond process diagram 

Table 22 shows the overall water process rates for each of the nuclides and 

contributions to input and output.   

Table 22.  Bickford Pond water process rates and contributions 

process 
Ra-226 Pb-210 Po-210 

mol·h-1 % mol·h-1 % mol·h-1 % 

Inflow 3.31E-11  48 5.47E-12  15 1.05E-13  61 

Atm. deposition 3.59E-11  52 1.28E-11  34 2.16E-14  13 

Decay in NA  NA 3.41E-15  0 4.41E-14  26 

Emission 0  0 1.93E-11  51 0  0 

Total in 6.90E-11  100 3.76E-11  100 1.70E-13  100 

Outflow 3.31E-11  48 5.95E-12  16 6.25E-14  37 

Sedimentation 3.58E-11  52 3.16E-11  84 8.07E-14  47 

Decay out 3.41E-15  0 4.41E-14  0 2.73E-14  16 

Total out 6.90E-11  100 3.76E-11  100 1.70E-13  100 

The flux of settling particles FS was adjusted for Pb-210, in contrast to the Crystal 

Lake scenario for which FS was adjusted for Ra-226.  Table 22 shows that 

substantial emission to water EW2 was required to supply Pb-210 to meet the 

Pb-210 settling process rate constraint, comprising 51% of the Pb-210 water 
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column inputs.  The resulting Pb-210 sedimentation contribution was predominant 

at 84%.  Only 15% of the scenario inputs were due to the water inflow 

concentration, and 34% due to atmospheric deposition.  Benoit concludes that 

streams supply (from groundwater) half of the Pb-210 inputs to Bickford Pond 

(BENOIT, 1987).  Discounting emission, only one-third of the scenario input was 

due to inflow.   

Table 22 shows that scenario Po-210 sources were very similar to those determined 

in the original study, for which epilimnion contributions are 63% by stream, 5% by 

atmosphere, and 32% by in-growth from Pb-210 (BENOIT, 1987).  Scenario 

Po-210 losses were marginally different from the study, for outflow at 37% versus 

53%, and for sedimentation at 47% versus 32%.  The scenario Pb-210 ingrowth by 

decay contribution to Po-210 was similar to the original study at 13% versus 15% 

(BENOIT, 1987).   

Table 23 shows the water column removal times reported in the Bickford Pond 

study for scavenging (partition to settling particles) and sedimentation, and the 

time calculated from the Ra-226 model for the Appendix G Bickford Pond scenario 

by Equation 53, τTW, and to all sinks by Equation 57, τT (including decay).   

Table 23.  Bickford Pond water residence times 

removal residence time 
Ra-226 Pb-210 Po-210 

d d d 

study scavenging (BENOIT, 1987)  NA  39  85 

study sedimentation (BENOIT, 1987)  NA  41  50 

Ra-226 model by Eq. 53, τTW: sedimentation  80  16  68 

Ra-226 model by Eq. 57, τT: all sinks  42  14  32 

The scavenging process was not a feature of the Ra-226 model; phase partitioning 

was implicit, determined by the SPM distribution coefficient Kp.  The scenario 

Pb-210/Po-210 activity ratios for dissolved and SPM water concentrations were 1.1 

and 2.1, versus near 1 and 1.7 found in the 1982/83 study (BENOIT, 1987).  The 

scenario Pb-210/Po-210 activity ratio of sedimentary flux was 2.1, versus 2.4 

determined from the 1985/86 study data (BENOIT, 1990).   

3.4.3 CLINTON RIVER 

Figure 6 shows the process diagram for Clinton River from the optimization detailed 

in Appendix H.  Emissions EW for each of the nuclides were set and sediment 

concentrations adjusted to make the input and output water concentrations 

consistent.   
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Figure 6.  Clinton River process diagram 

The SPM distribution coefficients Kp were fixed by the assumed dissolved and SPM 

water concentrations.  The sediment distribution coefficients Kd were determined by 

the adjusted (set) emission values to water and resulting sediment concentrations.  

Table 24 shows the overall water process rates for each of the nuclides and 

contributions to input and output.   

Ra-226 was not a subject of the original study (MUDBIDRE, 2014), but the Ra-226 

model was nearly satisfied with the assumed inflow concentration, requiring only a 

small emission value.  Significant emissions were required for Pb-210 and Po-210, 

amounting to 61% and 69% of the inputs respectively.  The balance of inputs was 

made up almost entirely of inflow.  Notably the ingrowth to Po-210 by Pb-210 

decay was not significant.  Despite a large assumed settling flux of 3.6 g·m-2·d-1 

(Table H-1), the settling rate represents about 1% and 2% of the water column 

output for Pb-210 and Po-210.  The losses for each nuclide were almost entirely by 

outflow.   

Table 25 shows the water column removal times from the Ra-226 model for the 

Appendix H Clinton River scenario by Equation 53, τTW, and to all sinks by Equation 

57, τT (including decay).   
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Table 24.  Clinton River water process rates and contributions 

process 
Ra-226 Pb-210 Po-210 

mol·h-1 % mol·h-1 % mol·h-1 % 

Inflow 3.61E-09  100 4.11E-10  39 4.09E-12  31 

Atm. deposition 1.76E-11  0 7.77E-12  1 3.10E-15  0 

Decay in NA  NA 8.96E-16  0 1.88E-14  0 

Emission 5.30E-14  0 6.47E-10  61 9.13E-12  69 

Total in 3.63E-09  100 1.07E-09  100 1.32E-11  100 

Outflow 3.61E-09  99 1.05E-09  99 1.30E-11  98 

Sedimentation 1.94E-11  1 1.39E-11  1 2.55E-13  2 

Decay out 8.96E-16  0 1.88E-14  0 1.36E-14  0 

Total out 3.63E-09  100 1.07E-09  100 1.32E-11  100 

Table 25.  Clinton River water residence times 

removal residence time 
Ra-226 Pb-210 Po-210 

d d d 

Ra-226 model by Eq. 53, τTW: sedimentation  39  16  11 

Ra-226 model by Eq. 57, τT: all sinks  0.21  0.21  0.21 

The residence times of each of the nuclides was about 5 h along the assumed 

10 km stretch of Clinton River, driven by flow throughput.  The sedimentation 

residence times were on the order of days.  The Ra-226 and Po-210 residence 

times by sedimentation were shorter than those determined for Bickford Pond 

(Table 23), but the Pb-210 time was similar.   

3.5 DISCUSSION 

Both Crystal Lake and Bickford Pond are dimictic, completing two cycles of thermal 

layering and mixing annually (TALBOT, 1984)(BENOIT, 1987).  These cycles create 

variation in lake processes and may introduce bias in a steady-state model.   

Single settling particle rate and SPM concentration values apply to all the Ra-226 

model nuclides.  Differentiation in the nuclide settling rates was controlled by the 

SPM distribution coefficients.  Optimization sets the particle settling rates in decay 

sequence order: Ra-226, Pb-210, and Po-210 (section 3.3.2).  This was convenient 

since the Ra-226 model was optimized manually, and the sequence avoids iteration 

to reset Pb-210 or Po-210 parameters due to decay ingrowth.  This ideal procedure 

was possible for the Crystal Lake scenario since the constraint for net Pb-210 

sediment flux included both settling and diffusion, and the Pb-210 diffusion 

coefficient could be adjusted after particle settling flux had been set by considering 

only Ra-226.  However, since the Bickford Pond scenario was constrained by only 

the Pb-210 settling rate, the particle settling rate was set by considering it, and 
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some iteration was necessary to establish the Ra-226 diffusion coefficient.  But this 

was not difficult since the long half-life of Ra-226 makes ingrowth a minor 

contribution to Pb-210 input.  The particle settling flux was a fixed input in the 

Clinton River scenario.   

Atmospheric deposition accounted for 85% of the Pb-210 supplied to the water 

column of Lake 239 of the Experimental Lakes Area, ON (BRUNSKILL, 1987), which 

is a 57 ha headwater lake with a 418 ha catchment and an outflow (NATURAL 

RESOURCES CANADA, 2000).  The contributions to Pb-210 from atmospheric 

deposition was for the Crystal Lake scenario 89%, which may have been up to 97% 

if seasonal deposition had been considered, and for the Bickford Pond scenario 

15%.  The contribution from atmospheric deposition to Lake 239 inputs of Pb-210 

was closer to Crystal Lake than to Bickford Pond.   

The Crystal Lake scenario concentration of Pb-210 in the water column gave a 

decay rate of 22 Bq·h-1 (3.67E-14 mol·h-1), or 64% of the total when combined, 

consistent with the original study estimate that the primary source of Po-210 in the 

lake was decay (TALBOT, 1984).  The author of the Bickford Pond study found that 

32% of the water column Po-210 was by ingrowth from Pb-210 decay (BENOIT, 

1987).  The Bickford Pond scenario found that this contribution was 26%.   

Water phase partitioning was implicit in the Ra-226 model, determined by the 

nuclide-specific SPM distribution coefficients Kp.  In contrast the detailed study 

time-series models wrote explicit terms for transfer between the phases (TALBOT, 

1984)(BENOIT, 1987)(BENOIT, 1990), and estimated the process using detailed 

study data. 

3.5.1 CRYSTAL LAKE 

Talbot attributes the discrepancy between the study assumptions for atmospheric 

deposition of Pb-210 and sedimentation to measurement bias, due to either annual 

variation in atmospheric deposition or winter deposition escaping measurement 

(TALBOT, 1984).  An emission rate was set during optimization for the difference.   

Talbot assigns atmospheric deposition of Pb-210 to the dissolved phase, giving 

consideration to solubility and pH (TALBOT, 1984).  The Ra-226 model represented 

phase partitioning through the SPM distribution coefficient, established by the 

effective concentrations assumed.  For this to be a source of error in the Ra-226 

model, SPM adsorption sites would have to be limiting, but this is less likely in a 

freshwater than in a marine system.  In coastal waters, Pb-210 is scavenged faster 

than in the open ocean due to higher SPM concentration (THENG, 2005).   

Table 21 reports removal residence times for Crystal Lake.  The time-averaged 

residence times calculated in the original study model were 35 d for Pb-210 and 

95 d for Po-210.  Talbot suggests that the rate is affected by biologically-mediated 

removal (TALBOT, 1984).  The removal residence times to sediment found by the 

Ra-226 model using Equation 53 were 25 d and 106 d, respectively.  The Ra-226 
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model was optimized using the sedimentation rate reported from sediment core 

measurements at 1.73E-11 mol·h-1 (0.79 pCi·cm-2·a-1), which was found to be close 

to the value calculated from the model in the original study, 1.80E-11 mol·h-1 

(0.82 pCi·cm-2·a-1) (TALBOT, 1984).  Since the Ra-226 model was constrained to 

the study sedimentation rate, the ratio of residence times, 25 d / 35 d, suggests 

that the Ra-226 model water activity concentration was 70% of the effective 

concentration of the original study model.   

The Ra-226 model Po-210 removal residence time to sediment was found from 

Equation 53 at 225 d, and the removal residence time to all sinks was found from 

Equation 57 at 106 d, the difference between which was due to the radioactive 

decay term.  The detailed study model showed removal intervals coinciding with 

spring and summer plankton blooms having a removal flux of 0.26 Bq·m-2·d-1 

(0.26 pCi·cm-2·a-1).  These episodes are interspersed by intervals of release flux of 

0.070 Bq·m-2·d-1 (0.069 pCi·cm-2·a-1) enabled by seasonal redox cycling through Fe 

and Mn release from sediments, resulting in a mean removal flux of 0.13 Bq·m-2·d-1 

(0.13 pCi·cm-2·a-1), representing one-sixth or 17% of the Pb-210 sedimentation flux 

(TALBOT, 1984).  The mean flux is low relative to that suggested by other studies 

in Table 14.  It represents a sedimentation rate of 1700 Bq·h-1, relative to the 

Ra-226 model rate of 945 Bq·h-1.  Accounting for this discrepancy in sedimentation 

rate, the Ra-226 model water activity concentration was (225 d / 95 d) x 

(945 Bq·h-1 / 1700 Bq·h-1) = 130% of the effective concentration implied by the 

original study model.  The relative sedimentation rates do not fully account for the 

discrepancy in removal times to sediment.  The Ra-226 model implies an 

overestimate in Po-210 concentration that contrasts with the underestimate in 

Pb-210 concentration.  These discrepancies may be due in part to the time-average 

method of time constant calculation in the original model (TALBOT, 1984).  

However, it likely also suggests limitation of the single-compartment, steady-state 

model relative to the two-layer, time step model applied to the detailed data in the 

original study.  Talbot suggests that sediment accumulation flux is uncertain by up 

to 20% error due to sediment anisotropy, driven by bioturbation and sediment 

focusing, and that the focusing would be enhanced in the deepest part of the lake 

by higher organic matter content driving Pb-210 uptake (TALBOT, 1984).   

3.5.2 BICKFORD POND 

Benoit notices little variation in Pb-210 and Po-210 in phase concentration, 

including lake depth, and in inflow concentration (BENOIT, 1987).  The finding may 

be due to greater mixing bytributary and drainage flow and diminish the utility of a 

layered model.  The discrepancies apparent between the Ra-226 model and study 

sedimentation rates in the Crystal Lake scenario may not affect the Bickford Pond 

scenario to the same extent.  Detailed study data indicates the SPM-adsorbed 

Pb-210/Po-210 ratio was 1.7 and the settling ratio was 3.9, arguing against simple 

gravitational settling (BENOIT, 1987).  These ratios were both 2.1 in the Bickford 

Pond scenario, demonstrating that a single particle settling rate does not represent 
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such detail.  Considering diffusion of Po-210 from sediment to water, the Ra-226 

model rate of Pb-210 settling was 6.7 times the rate of Po-210 settling.   

The Ra-226 model showed that the emission rate to water assigned for Pb-210 was 

1.1 times the total of atmospheric deposition and inflow initially assumed.  Benoit 

finds that Pb-210 inputs were split evenly between atmospheric deposition and 

inflow, and the output were split evenly between sedimentation and outflow.  The 

Ra-226 model found that the assigned emission rate of Pb-210 to water amounted 

to 51% of total input and 66% when combined with inflow; 84% of the sinks were 

to sediment.   

Benoit calculates Pb-210 removal residence times for scavenging (dissolved to SPM 

phase) of 39 d and for sedimentation of 41 d, and Po-210 removal residence times 

for scavenging of 85 d and for sedimentation of 50 d (BENOIT, 1987).  Scavenging 

appears to be limiting for Po-210, but not for Pb-210.  Despite this, the study 

Pb-210 removal time to sediment is 2.6 times the 16 days that was found by the 

Ra-226 model.  The sediment trap measurements that provide the sedimentation 

rate for the scenario may not reflect the actual rate to the sediment due to 

recycling and/or diffusion.  Benoit concludes from sediment trap data that there 

was no significant Pb-210 diffusion to sediment, but found it likely that Pb-210 (and 

Po-210) is released from sediment, associated with low dissolved oxygen and 

elevated Fe concentrations (BENOIT, 1987).  There is likely diffusion of Pb-210 out 

of the sediment accounting for at least some of discrepancy between the Ra-226 

model and the original study removal times to sediment.  Despite a relatively high 

hydrologic flushing rate of 4.2 a-1, the proportion of Pb-210 to sediment is 84%.   

Balistrieri studies the larger, deeper Lake Sammamish, Washington, having more 

sulfidic anoxic periods compared to Bickford Pond.  That study shows stronger 

evidence of both Pb-210 and Po-210 diffusion into and out of the sediment, 

accompanied by lower concentrations of SPM and the nuclides (BALISTRIERI, 

1995).  Sediment recycling could account for the emissions that were added in the 

Ra-226 model to satisfy the imposed sedimentation rate constraint.  Account for 

seasonal variation of Po-210 in a study of the 81-ha, 12-m deep Pond B, South 

Carolina suggests that the input accounts for only about 5% of the mobile sediment 

inventory, but similar variation is not observed for Pb-210 (KIM, 2005).  Pb-210 

and Fe show strong mobility correlation; release differentiation between the 

nuclides may be enhanced by apparent similarity in Po-210 and Mn redox potential 

(BENOIT, 1990).  Hypolimnion association of Po-210 and Mn is also evident in the 

Lake Sammamish study, creating a steep concentration gradient during 

stratification (BALISTRIERI, 1995).  Sediment exchange may explain some of the 

apparent deficit of Pb-210 in the Bickford Pond scenario, but the explanation is not 

as well supported as it would be for Po-210.   

Benoit concludes that stream surface area could not supply the measured tributary 

activity concentrations, since rainfall runoff should result in pulsed concentrations 

and biota regulation result in seasonal differences.  The Bickford Pond tributary 
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watershed and rainfall imply that the maximum average runoff rate is 62% of the 

average tributary flow rate, and the average rainfall concentration is 35 times the 

average total tributary concentration (BENOIT, 1987).  A significant portion of the 

Pb-210 concentration in the tributaries may be delivered from a stock of Pb-210 

partitioned in watershed soil.  The following paragraphs detail analysis of the model 

results to sources in the watershed.   

The watershed “input-output” equation is (DOMINIK, 1987): 

 𝑞𝑊𝐴 − 𝐼𝑊 ∙ (𝜆 +
1

𝜏𝑊
) = 0 (55) 

where 

 qWA = atmospheric deposition to the watershed [N·T-1] 

 IW = watershed inventory [N] 

 λ = decay constant [T-1] 

 τW = watershed mean erosional residence time 

The watershed erosional runoff qWR [N·T-1] is (DOMINIK, 1987): 

 𝑞𝑊𝑅 =
𝐼𝑊
𝜏𝑊

 (56) 

The watershed mean erosional residence time is from Equation 55 and 56 

(DOMINIK, 1987): 

 𝜏𝑊 =
𝑞𝑊𝐴 − 𝑞𝑊𝑅
𝜆 ∙ 𝑞𝑊𝑅

 (57) 

The fraction of watershed input to the water body fC is from Equation I.3: 

 𝑓𝐶 =
𝑞𝑊𝑅
𝑞𝑊𝐴

 (58) 

The watershed mean erosional residence time considering the Ra-226 model 

Pb-210 atmospheric deposition rate to the 760 ha and 770 ha tributary watersheds, 

accounting only for the inflow determined from the original study data (BENOIT, 

1987) was from Equation 57 τW = 1870 y, and accounting for the inflow and 

Ra-226 model emission term was τW = 390 y.  These represented from Equation 58 

watershed fractions to lake fC = 1.7% and fC = 7.6% respectively.  Some of the 

emission assigned in the Ra-226 model fitting may represent runoff.  The steep 

local topography may enhance watershed input: the terrain rises almost 300 m 

vertically over 2900 m eastwards to Mount Wachusett.   
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3.5.3 CLINTON RIVER 

SPM concentration and Pb-210 and Po-210 activities approximately double along 

the measured length of the Clinton River (MUDBIDRE, 2014).  The Clinton River 

drains a watershed area of 1980 km2 containing suburban areas (MUDBIDRE, 

2014).  About 1200 km2 falls between inflow sampling location (labelled CR6) and 

Lake St Clair, of which about 500 km2 is suburban area having a high proportion of 

hard surfaces.   

The Ra-226 and Pb-210 inventories IW represent potential ingrowth sources within 

the watershed for Pb-210 and Po-210, respectively.  Ra-226 was disregarded on 

the basis that the physical form would be derived from atmospherically entrained 

particles that would mostly keep decay products locked in a mineral matrix once 

deposited in the watershed.  In contrast, Pb-210 originates from Rn-222 decay and 

would be adsorbed to microparticles and relatively mobile in the watershed.   

Equation 55 was modified to represent Po-210 ingrowth from the watershed 

inventory of Pb-210:   

 𝑞𝑊𝐴.𝑃𝑜 + 𝐼𝑊.𝑃𝑏 ∙ 𝜆𝑃𝑏 − 𝐼𝑊.𝑃𝑜 ∙ (𝜆𝑃𝑜 +
1

𝜏𝑊.𝑃𝑜
) = 0 (59) 

where 

 qWA.Po = Po-210 atmospheric deposition to the watershed [N·T-1] 

 IW.Pb = Pb-210 watershed inventory [N] 

 IW.Po = Po-210 watershed inventory [N] 

 λPb = Pb-210 decay constant [T-1] 

 λPo = Po-210 decay constant [T-1] 

 τW.Po = Po-210 watershed mean erosional residence time 

Equation 58 was modified to represent the fraction of watershed Po-210 input to 

the river fC.Po from both atmospheric deposition and ingrowth from the watershed 

inventory of Pb-210: 

 𝑓𝐶.𝑃𝑜 =
𝑞𝑊𝑅.𝑃𝑜

𝑞𝑊𝐴.𝑃𝑜 + 𝐼𝑊.𝑃𝑏 ∙ 𝜆𝑃𝑏
 (60) 

Table 26 shows the result of watershed source calculations by applying Equation 55 

to Ra-226 and Pb-210, and Equation 59 to Po-210 to account for ingrowth.  Ra-226 

model emissions EW, and atmospheric deposition (rain qM, wet qQ, and dry qC) 

applied to the watershed area as qWA were used to calculate the fraction of 

watershed inputs to the river fC from Equation 58 (Equation 60 for Po-210 to 

account for ingrowth).  The watershed mean erosion residence time τW was 
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calculated from Equation 57, and the watershed inventory IW was calculated from 

Equation 56.   

Table 26.  Clinton River Ra-226 model inputs and watershed residence times 

nuclide 

river watershed 

emission 
EW 

(mol·h-1) 

deposition 
qM+qQ+qC 
(mol·h-1) 

deposition 
qWA 

(mol·h-1) 

fraction 
fc 

(%) 

res. time 
τW 

(y) 

inventory 
IW 

(mol) 

Ra-226 5.3E-14 1.8E-11 7.0E-08 8E-5 3E+9 1.4E+00 

Pb-210 6.5E-10 7.8E-12 3.1E-08 2.1 1510 8.5E-03 

Po-210 9.1E-12 3.1E-15 1.2E-11 0.03 1820 1.5E-04 

Most atmospherically supplied Pb-210 is trapped in organic rich soils (TUREKIAN, 

1977).  Pb-210 is measured to have a watershed residence time of 6200 y in the 

Ottawa River watershed soil (JOSHI, 1990) and 1400 y in the Rhone watershed 

Switzerland (DOMINIK, 1987).  Precipitation runoff from the hard surface suburban 

areas does not appear to have a major influence on the Pb-210 erosional residence 

time.  Table 26 shows that the mean erosional residence times of Po-210 and 

Pb-210 were similar.  The Pb-210 and Po-210 inventories reflected radioactive 

equilibrium in the watershed.  The watershed inventory of Po-210 was almost 

completely from Pb-210 ingrowth.  The Ra-226 model Po-210/Pb-210 emission 

activity ratio was 71% (Table 24).  The fraction of watershed Pb-210 to the river 

was almost 100 times that of Po-210.  The results suggest that partitioning in the 

watershed of Po-210 is greater than of Pb-210.   

3.6 CONCLUSION 

The Crystal Lake scenario removal times to sediment underestimate by 30% for 

Pb-210 and overestimate by 30% for Po-210 the times estimated in the original 

study (TALBOT, 1984).  A two-layer lake model may reduce some of this error.   

The Bickford Pond scenario constrained by sediment trap measurements (BENOIT, 

1987) suggests significant diffusion recycling of Pb-210 from the sediment to 

water, runoff input from the watershed, or both.   

The source of Pb-210 emission to Clinton River found by the Ra-226 model fitting 

procedure may be due runoff of atmospheric deposition to the watershed, but the 

large proportion of suburban area in the watershed does not appear to strongly 

influence the runoff transport.  The source of Po-210 could be explained by Pb-210 

ingrowth of the inventory partitioned in the watershed from atmospheric deposition.   

3.7 FUTURE WORK 

Crystal scenario could be studied further by adapting the Hamilton Harbour model 

applied to lead (Appendix B and Appendix C) for water stratification into epilimnion 

and hypolimnion.  The model could better represent chemical properties, 

atmospheric deposition, settling and redox recycling.   
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4 Radium series in freshwater 

4.1 INTRODUCTION 

Chapter 3 documented the development and application of a partitioning 

aquivalence (fugacity) model to the Ra-226 decay series including Pb-210 and 

Po-210.  Volatility of the species was demonstrated to be insignificant relative to 

other system processes and was neglected.  The Ra-226 model was formulated to 

calculate process rates and concentrations, as are the QWASI models.  Availability 

of some water concentration and sedimentation data required the Ra-226 model 

fitting procedure to predict particle settling, atmospheric deposition, diffusion or 

emission instead.  Information was triaged during setup, from available 

measurements, to parameters easily inferred, to those less certain that were 

assumed from literature and subsequently adjusted.  Each lake featured a unique 

set of information detailed in the appendices.   

The Ra-226 model was applied to a set of lakes in the Ottawa River watershed that 

were the subject of a previous study (CORNETT, 1984), and to a northern lake in 

Nunavut (GUERIN, 2012).  Sediment data were available for both studies.  During 

July 2016 a set of water samples was collected from streams in the Ottawa River 

watershed and measured for Pb-210 and Po-210, which informed the water 

concentration assumptions for the application to the Ottawa River watershed lakes.   

The Ra-226 model developed in Chapter 3 was applied to investigate two 

hypotheses: 

1. The proportions of Pb-210 input lost to the sediment of the Laurentian study 

lakes are as determined in the original study (CORNETT, 1984).   

2. The watershed contributes to Pb-210 and Po-120 in the water and sediment of 

Judge Sissons Lake (GUERIN, 2012).   

4.1.1 LAKE STUDIES 

4.1.1.1 LAURENTIAN LAKES 

The study area is in the Ottawa River valley near Chalk River Laboratories, Ontario, 

having seven lakes located between 45°40ʹN and 46°00ʹN and between 77°10ʹW and 

77°30ʹW.  The lakes were chosen to represent a diversity of physical, chemical and 

hydrologic characteristics.  The catchments rest on Precambrian granite having 

deposits of glacial till, aeolian or fluvial sands and peat wetlands.  Surficial litter and 

humus overlay fine to medium sand.  Pb-210 is measured from lake sediment 

cores.  Sediment concentrations are not correlated with lake depth, which is 

attributed to lack of redistribution focusing caused by relatively shallow depth and 

littoral vegetation (CORNETT, 1984).   

In the original study, areal distribution of Pb-210 measured in the lake sediment is 

relatively uniform.  Pb-210 is measured in the top 12 cm of sediment.  Sediment 
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flux is determined by equating it to radioactive decay losses determined by the 

difference between the concentration at the top of the core and the concentration of 

Ra-226 measured at the bottom of the core, assumed to be in equilibrium with 

Pb-210 at background (CORNETT, 1984).  Table I-6 lists these sediment fluxes that 

were used as initial values in the optimizations for each lake.   

Measurements from soil cores at two nearby locations were used to estimate 

atmospheric deposition.  All lakes except Otterson Lake are headwaters (CORNETT, 

1984).  Study limnological properties listed in Table I-2 are drainage area, lake 

area, average depth, dissolved organic carbon, and particulate organic carbon.   

4.1.1.2 JUDGE SISSONS LAKE 

Kiggavik was a proposed uranium mine in the Kivalliq region of Nunavut, Canada, 

about 80 km west of Baker Lake.  Monitoring of waterways is conducted over 

several years to make measurements including water and sediment concentrations 

of Ra-226, Pb-210 and Po-210.  Judge Sissons Lake is the largest lake adjacent to 

the project site, receiving water from headwater lakes at the proposed mines.  Most 

tributary streams in the watershed are less than 1 m deep and frozen to the bottom 

during the winter.  These streams become active in the spring and reach peak level 

and volumetric flow in mid-June.  The regional terrain is flat or gently sloping with 

frequent bedrock outcrops.  Surficial deposits consist of thin organic soil underlain 

by glacial till.  Vegetation is typical of the tundra: short shrubs, sedges and grasses, 

herbs, mosses and lichens.  (GUERIN, 2012).   

Judge Sissons Lake is centred about 64°20ʹN, 97°30ʹW.  It is 9550 ha in area, has a 

mean depth of 4.6 m, and is 20 m at the deepest.  The lake drains a 705 km2 

watershed.  Lake ice is measured at 1.8 m in May, which typically thaws by the end 

of June.  Judge Sissons Lake sediment has nearly equal proportions of fine sand, 

very fine sand, silt and clay.  A 1991 core sample shows sticky glacial clay with no 

soft organic sediment and suggested sporadic deposition.  Dissolved oxygen near 

the sediment is measured to be 0.3 mg·L-1.  Discharge peaks sharply at about 

35 m3·s-1 at the end of June (AREVA, 2011B).   

4.1.2 STREAM SAMPLES 

Sediment from seven (Laurentian study) lakes in the Ottawa River watershed are 

sampled and measured to determine sedimentation flux and estimate the input 

contribution from atmospheric deposition (CORNETT, 1984).   

Water from streams surrounding the Laurentian study lakes were sampled for 

measurement of Pb-210 and Po-210.  The locations were selected to balance 

proximity and range of watershed geology.  Samples were collected in three sets in 

2016 July, September and November from the Ottawa River and Gull River 

watersheds in eastern Ontario.   
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4.2 METHOD 

4.2.1 OPTIMIZATION 

The Ra-226 model described in section 3.3.1 was applied to a study of Laurentian 

Shield lakes described in section 4.1.1.1 and to Judge Sissons Lake described in 

section 4.1.1.2.  The optimization procedure detailed in section 3.3.2 was followed 

to identify and adjust parameter values including the input concentrations at each 

step to be consistent with the Ra-226 model output concentrations according to 

Equation 32.   

In the Laurentian lakes scenarios, the input sediment concentrations COS were 

assigned initial estimates and adjusted, and other concentrations determined 

according to Table I-5.  In the Kiggavik Judge Sissons Lake scenario, the sediment 

concentrations were assumed from measurements, and other input concentrations 

were determined according to Table J-9.   

4.2.1.1 LAURENTIAN LAKES 

For each of the Laurentian lakes, base scenarios 1 through 7 were optimized with 

total input water concentrations of Pb-210 and Po-210 assigned from the average 

of measurements at Grant Creek (section 4.3.3), the sample location closest to 

McSourley Lake, and five of the other lakes around Chalk River Laboratories.  

Although other sample locations are closer to Petznick Lake, the same total input 

water concentrations were chosen for a consistent analysis.  Alternate scenarios 1B 

through 7B were optimized with total input water concentrations of Pb-210 and 

Po-210 assumed as twice the average of the Grant Creek measurements.   

All Laurentian lakes scenarios were optimized according to the parameters detailed 

in Appendix I by adjusting: 

• Ra-226, Pb-210 and Po-210 concentrations on sediment solids COS 

• Pb-210 and Po-210 concentrations dissolved in water COW2 and COW3 

• Ra-226 and Pb-210 concentrations on aerosol COA1 and COA2 

• Pb-210 concentration in water inflow COI 

• Flux of settling particles FS 

• Po-210 diffusion coefficient sediment-water kTW 

Initial values for the concentration of Pb-210 on aerosol and the flux of settling 

particles for each lake were estimated from the study soil and lake sediment core 

sample measurements, respectively.  Initial Pb-210 concentration in water inflow 

was assumed from the study estimates of the watershed contributions.  Taken 

together these assumptions resulted in excess Pb-210 within the water column for 

each lake: the Ra-226 model predicted higher water concentrations CW relative to 

the input water concentration COW (CW/COW > 1) within the assumed Table I-7 
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sediment distribution coefficient Kd range constraints.  No input total water 

concentrations of Pb-210 COWP2 could be assigned for any of the lakes near the 

range of expected concentrations (section 3.1.3.2) to satisfy the Ra-226 model 

constraint CW/COW = 1.  Instead, the scenarios were optimized by reducing Pb-210 

inputs to the water column by decreasing: 

• inflow concentration COI, and if reduced to 0: 

• concentration on aerosol COA.   

The rationale for this ordering was that there should be minimal variation in 

atmospheric deposition by lake area within the study region.  In contrast, the 

contribution of Pb-210 from the watershed was considered less certain.  For 

example, the residence time of Pb-210 in the Ottawa River watershed was 

estimated at 6200 a (JOSHI, 1990) and in the Rhone watershed Switzerland at 

1400 a (DOMINIK, 1987).  Such watershed retention is long relative to the half-life 

of Pb-210, 22.2 a.  Although the study watersheds are much smaller, the possibility 

of no significant watershed contribution from Pb-210 was assumed.  This was really 

a matter of convenience and simplification of analysis, since the magnitude of net 

input rather than assignment to source term was relevant to the rest of the Ra-226 

model.  The assignment of inputs to source was considered in section 4.4.1.   

4.2.1.2 JUDGE SISSONS LAKE 

Since all 18 Judge Sisson Lake water measurements were below detection limit, the 

water activity concentrations were assumed from all 130 Kiggavik site water 

measurements, except the 8 representing locations of inflow to the lake.  From the 

balance of 122 measurements, most were below detection limits.  The estimates of 

the distribution means using the elnormCensored function from the EnvStats 

package for R, as lognormally distributed Type I censored data having values below 

a detection limit (MILLARD, 2013), gave a Po-210/Pb-210 activity ratio of 0.27.  

More of the Pb-210 measurements were below detection (118) than Po-210 

measurements (80), suggesting that the activity ratio may be higher, since the 

assumed lognormal distributions have an unbound lower limit.  Similary, all the 

Pb-210 measurements and 3 out of 8 Po-210 measurements of samples from 

locations inflow to Judge Sissons Lake were below detection limit.  (The 

elnormCensored function requires two measurements; two of the Pb-210 

measurements were assigned to the detection limit.)  The resulting Po-210/Pb-210 

activity ratio was 0.38, which may be an underestimate by the same reasoning.  

However, all sediment measurements were of Judge Sissons Lake samples.  Only 

15 of the 30 Pb-210 measurements were below detection limit, and none of the Po-

210 were below the detection limit.  The estimated Po-210/Pb-210 ratio was 1.79, 

which may be another underestimate that would represent a greater excess of 

Po-210.  A marginal excess of Po-210 is measured in the top 2 cm of sediment at 

two of three sampling stations in Quirke Lake, Ontario (MCKEE, 1987).   
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One scenario was optimized for Judge Sissons Lake according to the parameters 

detailed in Appendix J by adjusting: 

• Ra-226, Pb-210 and Po-210 water concentrations COW 

• Ra-226 concentration on aerosols COA1 

• Flux of settling particles FS 

• Po-210 emission to water EW3 

• Ra-226 and Pb-210 diffusion coefficients sediment-water kTW1 and kTW2 

• Po-210 diffusion coefficient water-sediment kTS3 

4.2.2 STREAM SAMPLES 

4.2.2.1 SAMPLING 

Water samples were collected in 3 sets in 2016.  Set 1 samples were collected in 

July in duplicate from 11 streams in the western (Ontario) watershed of the Ottawa 

River from locations shown in Table 27.  Situation of the sample location 

watersheds are indicated in Figure 7.  Set 2 samples were collected from 5 of the 

set 1 locations in duplicate in September.  Set 3 samples were collected from 9 

locations along the Burnt River, Drag River, and Irondale River in the Gull River 

watershed near Minden, Ontario, and from 3 of the set 2 Ottawa River locations in 

duplicate in November.  Set 2 and 3 measurements, indicated in Figure K-2 and 

Table K-12, were judged unreliable as explained in section 4.4.3.   

Table 27.  Ottawa River waterway set 1 sampling locations 

sample waterway 
sampling location 

latitude longitude 

1,2 Grant’s Creek1,2 46°12ʹ41ʺ 77°55ʹ34ʺ 

3,4 Pleasant Valley Creek1,2 45°46ʹ08ʺ 76°47ʹ39ʺ 

5,6 Hurd’s Creek1 45°32ʹ24ʺ 77°07ʹ18ʺ 

7,8 Gull Creek 44°52ʹ23ʺ 76°51ʹ57ʺ 

9,10 Egan Creek 45°04ʹ01ʺ 77°43ʹ55ʺ 

11,12 Little Mississippi River1 45°14ʹ21ʺ 77°34ʹ24ʺ 

13,14 Aylen River 45°35ʹ12ʺ 77°52ʹ28ʺ 

15,16 Sherwood River 45°38ʹ04ʺ 77°34ʹ18ʺ 

17,18 Carp River1,2 45°28ʹ55ʺ 76°13ʹ19ʺ 

19,20 Constance Creek 45°27ʹ07ʺ 76°01ʹ51ʺ 

20,21 McCrearys Creek 45°06ʹ47ʺ 76°12ʹ34ʺ 
1 resampled in duplicate 2016 September (set 2) 
2 resampled in duplicate 2016 November (set 3) 
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Figure 7.  Ottawa River sample and Laurentian lakes (CORNETT, 1984) locations 

Duplicate samples were collected in 20 L collapsible water containers and stabilized 

by adding 10-20 mL of 16 M HNO3 to bring the pH in the range 2-3.  The samples 

were weighed and filtered through coarse fiberglass cloth.  The containers were 

sub-sampled and diluted 2:1 with 2% HNO3 for ICP-MS.   

The samples were pumped through columns packed with TrisKem MnO2-PAN 

(polyacrylnitrile) Resin-B at about 1 mL·s-1.  The resin was collected, dried, and 

analyzed separately for Cs-137 by gamma spectrometry as part of separate work.  

The post-column samples were sub-sampled, diluted 2:1 with 2% HNO3, and 

together with the previous sub-samples, run on a Bruker Aurora M90 (WANG, 

2011) ICP-MS by Lalonde laboratory personnel.   

4.2.2.2 PO-210 MEASUREMENT 

Samples were spiked with 100 μL of 1.86 Bq·L-1 Po-209 tracer for the determination 

of measurement efficiency (wet chemistry and alpha spectrometry), and 100 μL of 

1 g·L-1 stable Pb to confirm precipitation yield.  To each sample was added 2 mL of 

44.73 g·L-1 Fe as FeCl3 in 2% HNO3.  Sub-samples were extracted for ICP-MS.  

Between 20-50 mL 14.5 M NH4OH was added to bring the pH of samples near 10 to 
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precipitate Fe(OH)2.  N2 was bubbled through the sample containers for 10 minutes.  

The supernatant was pumped off and sub-sampled and run together with the 

previous sub-samples on the M90 ICP-MS by Lalonde laboratory personnel.   

The preparations for Po-210 electrodeposition followed previous experience and 

principles (SETHY, 2015).  The precipitate was collected in 50 mL centrifuge tubes, 

to which was added 10 mL DI water and 1 mL 12 M HCl.  The precipitate was 

dissolved and transferred to 60 mL glass vials, to which was added 16 M HNO3 

(making aqua regia).  The vials were transferred to a hotplate at 120°C for 1 h.  To 

the vials were added 10 mL of 12 M HCl, and 0.5 h allowed to pass before transfer 

to the hotplate at 120°C covered overnight.  The covers were removed, and the 

vials left on the hotplate until the contents evaporated to 20 mL.  The removed 

vials cooled and were transferred to 50 mL centrifuge tubes.  The tubes were 

centrifuged at 3500 rpm for 20 minutes.  The supernatant was transferred to 20 mL 

vials, which were placed on the hotplate at 120°C overnight to dryness.  To the vials 

were added 2 mL of 12 M HCl, which were left on the hotplate to dryness.  Another 

2 mL of 12 M HCl were added to the vials, which were left on the hotplate to 

dryness.  The vials were removed, to which 2 mL of 12 M HCl were added and caps 

applied pending electrodeposition preparation.   

4.2.2.3 ELECTRODEPOSITION 

The 20-mL vials were uncapped and placed on the hotplate at 80°C.  A solution of 

250 g·L-1 ascorbic acid was prepared in warm DI water, with which 0.8 mL was 

added to each vial.  About 18 mL (to near full) of warm DI water was added to each 

vial.  A silver planchet was placed in each vial, which were capped and placed on 

the hotplate at 95°C for 4 h.  The planchets were removed, rinsed with acetone, 

mounted on paper, and transferred to a Canberra R7400 alpha spectrometer for 

counting by Lalonde laboratory personnel.  The 20-mL vials were capped and 

stored.  Separate counts of Pb-210 and Po-209 (to determine overall wet chemistry 

and detection apparatus efficiency) were made over intervals of 24-48 h.   

4.2.2.4 PB-210 MEASUREMENT 

After 18 weeks, allowing ingrowth of Po-210 to about one-half the equilibrium 

activity, 150 μL of 1.86 Bq·L-1 Po-209 tracer was added the 20-mL vials.  The 20-mL 

vials were placed on the hotplate at 120°C and 2 mL of 16 M HNO3 was added to 

each.  The vials were covered   Black precipitate (ascorbic polymer) lingered in the 

sample 1 vial, to which was added 0.7 mL of H2O2 solution.  A further 2 mL of 16 M 

HNO3 was added to each 20-mL vial, which were covered on the hotplate for 

10 minutes.  The 20-mL vial contents were transferred to 60 mL glass vials, and 

the 20-mL vials rinsed with 4 mL of 16 M HNO3 to remove all black precipitate.  The 

60 mL glass vial contents and 2 mL of DI water rinse were transferred to the 20-mL 

vials, which were placed on the hotplate at 120°C for 5 h to dryness.  To each vial 

was added 2 mL of 12 M HCl, and the electrodeposition procedure detailed in 

section 4.2.2.3 was followed to count Po-210 resulting from Pb-210 ingrowth.   
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4.3 RESULTS 

4.3.1 LAURENTIAN LAKES 

Following the sequence described in section 4.2.1.1, the inflow concentrations of 

Pb-210 for all scenarios (except Otterson Lake) were fully reduced to 0, and the 

atmospheric concentrations reduced to further lower the net input to water.  For 

both Otterson Lake scenarios, the inflow concentrations were only partially reduced, 

and the atmospheric concentration was not changed.   

Figure 8 shows the Ra-226 model Pb-210 water input process rates.  Atmospheric 

deposition accounts for the inputs to all lakes except Otterson, showing nearly 

equal inflow rates for the base and alternate ‘B’ scenarios.  There was little 

discrepancy in atmospheric deposition rates between the base and alternate 

scenarios for all lakes except Upper Bass Lake, for which the alternate scenario was 

higher by a factor of 1.3.  Input discrepancy for Otterson Lake appears as inflow, 

according to section 4.2.1.1, amounting to a factor of 2.4, greater than the 

concentration ratio of 2 defining the base and alternate scenarios.   

Figure 9 shows the Ra-226 model Pb-210 water output process rates.  Each of the 

lakes’ base and alternate ‘B’ scenarios were constrained by the same sedimentation 

rate.  The outflow and decay rates for the alternate scenario of each lake were 

double the base scenario rates.  Sedimentation was the predominant removal 

mechanism by a wide margin in all but Otterson Lake, and to a lesser extent Upper 

Bass Lake.  Discrepancies in total Pb-210 rate in the water for the latter two lakes 

(either as input or output) between the base and alternate scenarios can be seen 

more clearly in the Figure 10 Ra-226 model plot against catchment area and the 

Figure 11 Ra-226 model plot against lake area.  These plots also suggest that lake 

area was more highly correlated than catchment area with the total rate.  Although 

linear regressions indicated coefficients of determination R2 < 0.55 for all four 

(base, alternate) total inputs and (lake, catchment) area permutations, when 

Otterson Lake was removed as an outlier, base and alternate total inputs versus 

lake area yielded R2 = 0.90 and 0.92.   

Figure 12 shows the Ra-226 model Po-210 water input process rates.  Atmospheric 

deposition was not a significant input to any of the lakes.  There was a diffusion of 

Po-210 from sediment in all scenarios.  The rates for inflow, in-growth decay from 

Pb-210 and diffusion from sediment vary between the base and alternate scenarios.   

Between the base and alternate scenarios for all lakes, both the inflow and decay 

ingrowth from Pb-210 differ by a factor of 2.  Diffusion from sediment varies 

between the base and alternate scenario, ranging from 2.1 to 2.6 among the lakes.  

Figure 13 shows the Ra-226 model Po-210 water output process rates.  Both 

outflow and decay differ by a factor of 2 between the base and alternate scenarios 

among the lakes.  The proportion of losses by radioactive decay varies among the 

lakes.   
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Figure 8.  Laurentian lakes Ra-226 model Pb-210 input processes 

 

 

Figure 9.  Laurentian lakes Ra-226 model Pb-210 output processes 
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Figure 10.  Laurentian lakes Ra-226 model Pb-210 rate versus catchment area 

 

Figure 11.  Laurentian lakes Ra-226 model Pb-210 rate versus lake area 
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Figure 12.  Laurentian lakes Ra-226 model Po-210 input processes 

 

 

Figure 13.  Laurentian lakes Ra-226 model Po-210 output processes 
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Residence times calculated from the Ra-226 model for the Appendix I Laurentian 

lakes scenarios to sediment by Equation 53, τTW, and to all sinks by Equation 57, τT 

(including decay), are shown in Figure 14 for Ra-226, Figure 15 for Pb-210 and 

Figure 16 for Po-210.  The range of residence time to sediment among the lakes 

was similar for Ra-226 and Pb-210, about an order of magnitude.  The alternate 

scenarios result in Ra-226 residence times to sediment that range 3 to 4 times the 

base scenarios, but little to no difference results between scenarios considering all 

sinks (Figure 14).  The difference in Pb-210 residence times to sediment between 

base and alternate scenarios were a factor of 2 for all lakes, and nearly a factor of 2 

considering all sinks for all lakes except Lower Bass Lake and Otterson Lake, for 

which the scenarios differ by a factor of 1.5 and 1.3 respectively (Figure 15).  There 

were no residence times to sediment for Po-210 since each scenario resulted in net 

diffusion from sediment to water (Figure 16), and no discrepancy in residence times 

to all sinks between the base and alternate scenarios.   

 

Figure 14.  Laurentian lakes Ra-226 model Ra-226 residence times 
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Figure 15.  Laurentian lakes Ra-226 model Pb-210 residence times 

 

Figure 16.  Laurentian lakes Ra-226 model Po-210 residence times 
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4.3.2 JUDGE SISSONS LAKE 

Figure 17 shows the process diagram for Judge Sissons Lake from the optimization 

detailed in Appendix J.  The settling flux FS was adjusted upward from the 

measured value to set the dissolved water concentration of Pb-210, and both 

sediment-water diffusion coefficients kw1 and kw2 were set to balance the sediment 

and dissolved water concentrations for Ra-226 and Pb-210.  Emissions to water Ew3 

and the diffusion coefficient kTS3 were set to balance the sediment and dissolved 

water concentrations for Po-210.   

As with the other scenarios studied, the set of settling flux and diffusion coefficients 

cannot be considered uniquely valid, since other settings were possible, and the 

nuclides in the lake are expected to have specific particle associations by size and 

composition.  Table 28 shows the overall water process rates for each of the 

nuclides and contributions to input and output.  Sedimentation represents the net 

of flux and diffusion, qD+qTS-qTW.   

 

Figure 17.  Judge Sissons Lake process diagram 
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Table 28.  Judge Sissons Lake water process rates 

process 
Ra-226 Pb-210 Po-210 

mol·h-1 % mol·h-1 % mol·h-1 % 

Inflow 5.61E-09  49 4.52E-10  83 2.07E-12  3 

Atm. deposition 5.79E-09  51 7.74E-11  14 5.50E-13  1 

Decay in NA  NA 1.28E-11  2 4.00E-11  60 

Emission 0  0 0  0 2.39E-11  36 

Total in 1.14E-08  100 5.42E-10  100 6.65E-11  100 

Outflow 1.07E-08  94 4.65E-10  86 3.06E-12  5 

Sedimentation 6.78E-10  6 3.64E-11  7 4.80E-11  72 

Decay out 1.28E-11  0 4.00E-11  7 1.55E-11  23 

Total out 1.14E-08  100 5.42E-10  100 6.65E-11  100 

Outflow dominated the Ra-226 and Pb-210 sinks, despite a hydrologic flushing rate 

of only 0.3 a-1.  The Ra-226 outflow proportion of all sinks was equivalent only to 

Otterson Lake among the Laurentian study lakes (which has a hydrologic flushing 

rate of 27 a-1).  The Pb-210 outflow proportion of all sinks was greater than all 

Laurentian study lakes.  However, the Po-210 outflow proportion of all sinks was 

small; all sinks instead comprised sedimentation at 72%.  The decay proportion of 

Pb-210 losses was much larger than any Laurentian study lake at 7%, yielding a 

proportion of Po-210 input by radioactive decay ingrowth at 60%, nearly that found 

for Crystal Lake, which is without tributaries.  The decay proportion of Po-210 

losses was 23%, like Upper Bass Lake, which has a higher hydrologic flushing rate, 

4.6 a-1.   

The Po-210/Pb-210 settling flux activity ratio was approximately the water activity 

concentration ratio.  However, the values for the sediment-water diffusion 

coefficients set during optimization process resulted in sediment to water diffusion 

rates, as a proportion of settling flux, of 99.7% for Pb-210 and 31% for Po-210.  

The resulting net sedimentation rate of Po-210 to sediment was 80 times that of 

Pb-210, corresponding to sedimentation proportions of all sinks for Po-210 of 72% 

and for Pb-210 of 7%.  A Po-210 input emission term of almost half the amount lost 

to sediment was required in the Ra-226 model, amounting to a total input 

proportion of 36%.   

Table 29 shows the water column residence times calculated for the Appendix J 

Judge Sissons Lake scenario to sediment by Equation 53, τTW, and to all sinks by 

Equation 57, τT (including decay).   



 

74 

 

Table 29.  Judge Sissons Lake water residence times 

residence time 
Ra-226 Pb-210 Po-210 

d d d 

Ra-226 model by Eq. 53, τTW: sedimentation  15900  12900  64 

Ra-226 model by Eq. 57, τT: all sinks  945  864  46 

The residence times of Pb-210 were very long for both sedimentation and all sinks, 

nearly the same as Ra-226.  In contrast the Po-210 residence time to all sinks was 

comparable to Upper Bass Lake.   

4.3.3 STREAM SAMPLES 

Table 30 shows radionuclide concentrations measured in the Ottawa River 

watershed stream sample set 1.  Appendix K contains the laboratory results and 

calculations.  The sampling and first Po-210 plating details for sample sets 2 and 3 

are shown in Table K-13.   

Table 30.  Ottawa River stream radionuclide concentrations 

Sample Location 
Concentration (mBq·L-1) 

U-238 Pb-210 Po-210 

1 Grant's Cr 2.35±0.02 1.49±0.11 2.96±0.12 

2 Grant's Cr 2.38±0.12 1.19±0.08 2.74±0.10 

3 Pleasant Valley Cr 10.48±0.08 1.15±0.07 0.75±0.03 

4 Pleasant Valley Cr 10.12±0.11 1.18±0.08 0.78±0.04 

5 Hurd's Cr 3.75±0.11 0.30±0.04 0.99±0.06 

6 Hurd's Cr 3.78±0.12 0.82±0.06 1.13±0.05 

7 Gull Ck 2.33±0.14 1.22±0.08 1.85±0.06 

8 Gull Ck 2.35±0.05 0.67±0.05 2.09±0.13 

9 Egan Cr 4.08±0.16 1.18±0.06 2.19±0.11 

10 Egan Cr 4.05±0.13 1.37±0.07 2.07±0.11 

11 Little Mississippi R 4.95±0.14 0.64±0.05 1.23±0.10 

12 Little Mississippi R 4.99±0.07 0.51±0.05 1.50±0.11 

13 Aylen R 2.2±0.3 1.28±0.07 2.42±0.12 

14 Aylen R 2.18±0.18 1.21±0.07 2.16±0.11 

15 Sherwood R 2.34±0.15 NA NA 

16 Sherwood R 2.32±0.06 NA NA 

17 Carp R 7.75±0.07 0.53±0.05 0.83±0.06 

18 Carp R 7.97±0.04 0.21±0.03 0.67±0.06 

19 Constance Cr 2.5±0.2 0.69±0.06 1.80±0.12 

20 Constance Cr 2.66±0.06 0.30±0.04 1.21±0.12 

21 McCrearys Ck 15.93±0.17 2.90±0.13 2.35±0.12 

22 McCrearys Ck 16.2±0.5 2.43±0.10 1.93±0.09 
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Table 31 shows major cation concentrations measured in the stream samples by 

ICP-MS.  The concentrations of Mg-24 and Fe-56 were not distinguished from 

background and the calibration curve of Th-232 was poorly resolved.  The 

concentrations of Cs-133 in all samples were below the limit of quantification, 

3.8 ppb (Appendix K.1.1).   

Table 31.  Ottawa River stream major cation concentrations 

Sample Location 
Concentration (ppb) 

Mn-55 Sr-88 Ba-137 Pb-208 

1 Grant's Cr 24.08±0.19 24.6±0.5 6.94±0.13 0.261±0.005 

2 Grant's Cr 20.5±0.5 24.2±0.2 6.62±0.13 0.243±0.007 

3 Pleasant Valley Cr 36.9±0.5 249.6±1.1 29.7±0.07 0.422±0.003 

4 Pleasant Valley Cr 32.03±0.19 243±6 27.05±0.08 0.372±0.007 

5 Hurd's Cr 42.3±0.5 123±2 101.4±0.6 0.180±0.005 

6 Hurd's Cr 42.6±0.7 124.1±1.9 102.1±1.0 0.265±0.005 

7 Gull Ck 20.5±0.4 31.2±0.4 14.0±0.3 0.194±0.007 

8 Gull Ck 20.8±0.4 30.8±0.7 13.2±0.2 0.176±0.003 

9 Egan Cr 80±3 74.5±1.0 40.8±1.5 0.230±0.003 

10 Egan Cr 56.9±0.8 72.1±0.9 38.6±0.9 0.238±0.004 

11 Little Mississippi R 24.57±0.07 53.6±0.4 27.4±0.4 0.251±0.009 

12 Little Mississippi R 24.8±0.2 53.3±1.3 26.8±0.5 0.196±0.007 

13 Aylen R 8.50±0.05 25.4±0.4 11.0±0.2 0.218±0.008 

14 Aylen R 9.02±0.19 25.6±0.9 11.1±0.3 0.2131±0.0008 

15 Sherwood R 36.20±0.18 38.4±0.7 12.0±0.3 0.311±0.005 

16 Sherwood R 34.6±0.5 37.2±0.5 11.30±0.13 0.306±0.005 

17 Carp R 21.59±0.13 870±16 42.9±0.3 0.2015±0.0015 

18 Carp R 10.01±0.08 890±9 42.7±0.6 0.160±0.004 

19 Constance Cr 115±2 433±6 44.9±0.9 0.445±0.003 

20 Constance Cr 82±2 420±4 41.2±0.3 0.246±0.005 

21 McCrearys Ck 497±4 298±3 130±2 0.526±0.005 

22 McCrearys Ck 479±5 285±5 125±2 0.440±0.006 

The measured concentrations of Pb-210 and Po-210 are plotted in Figure 18 

labelled with the Table 30 sample numbers.   
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Figure 18.  Po-210 versus Pb-210 (Grant Creek samples indicated) 

4.4 DISCUSSION 

4.4.1 LAURENTIAN LAKES 

In the original study, the Pb-210 sedimentation rate constants are concluded to be 

lower than expected, as found in previous studies, including Crystal Lake (TALBOT, 

1984)(CORNETT, 1984).  As explanations, the effects of anomalously low SPM 

settling flux, inert chemical form of atmospheric deposition, and overestimate of the 

catchment contribution are dismissed in favour of seasonal deposition and flushing 

associated with winter ice and break-up (CORNETT, 1984).  Neither effect is within 

the scope of the Ra-226 model, and they are a potential source of error in the 

estimate of atmospheric deposition that would otherwise represent an annual 

average.   

The optimization process eliminated (reduced for Otterson Lake) the estimated 

watershed contribution to Pb-210 that is calculated (CORNETT, 1984) and was 

assumed for each lake’s initial model input as inflow concentrations.  These 

estimated watershed contributions are determined in the original study as a fraction 

of watershed deposition based on the results of previous studies (LEWIS, 
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1977)(BENNINGER, 1978)(CORNETT, 1984).  The remaining reductions in Pb-210 

input were to the concentration on aerosol (lowering each of the wet, dry and rain 

deposition rates proportionally).  The prioritization of reduction in watershed inflow 

over atmospheric deposition was convenient for the optimization process, but the 

apportioning of the resulting total input required further consideration.   

As indicated in section 4.3.1, the Ra-226 model lake input of Pb-210 found through 

optimization was highly correlated with lake area, excluding Otterson Lake 

(R2 > 0.90).  This result suggested that direct atmospheric deposition was the 

predominant input to those lakes, but that there was an additional significant 

source contributing to Otterson Lake input.  This result would be consistent with the 

conclusion of an Experimental Lakes Area study, which finds that atmospheric 

deposition accounts for at least 85% of the Pb-210 supplied to the water column of 

Lake 239 (BRUNSKILL, 1987).  No significant difference was expected in the 

atmospheric concentration and deposition parameters of Pb-210 among the 

Laurentian lakes.  Regional uniformity in atmospheric Pb-210 deposition is 

concluded from the consistency between measurements of direct deposition and 

excess of decay support in soil profiles (TUREKIAN, 1977)(BENNINGER, 1978).  The 

finding is expected to apply to the Laurentian study lakes: five are within a 7-km 

radius centred along the western boundary of the Chalk River Laboratories site, and 

McSourley Lake and Petznick Lake are located 45 km to the northwest and 40 km 

to the southeast respectively.   

Watershed soil partitioning is found to result in mean residence times for Pb-210 of 

2000 a in the Susquehanna River basin (LEWIS, 1977), 6200 a in the Ottawa River 

basin (JOSHI, 1990), and 1400 a in the in the Rhone watershed Switzerland 

(DOMINIK, 1987).   

From Equation 58, the foregoing mean residence times corresponded to the fraction 

of watershed atmospheric deposition to lake fc = 1.6%, 0.52%, and 2.2%.  As 

detailed in Appendix I, the Susquehanna River study (LEWIS, 1977) and a 

Connecticut River study (BENNINGER, 1978) are used to estimate fc = 1.3% in the 

Laurentian lakes study (CORNETT, 1984).  The Ottawa River fc = 0.52% (JOSHI, 

1990) was better supported by the Ra-226 model results.   

Figure 19 shows the sedimentation rate that is calculated in the original study from 

measurements of sediment samples (CORNETT, 1984), to which the Ra-226 model 

scenarios were constrained.  Figure 20 shows the Ra-226 model input per unit area 

of lake resulting from the optimization for the base and alternate scenarios plotted 

against hydrologic flushing rate.  The hydrologic flushing rate is calculated in the 

original study from Perch Lake watershed inflow measurements (BARRY, 1975) and 

extrapolated to the other study lakes (CORNETT, 1984).  Both the atmospheric 

component and total including watershed (inflow) were plotted for Otterson Lake.  

The plot suggests a baseline total areal atmospheric deposition rate could be 

represented by Lower Bass Lake, at 1.13 mol·h-1·m-2 (optimized as 43% of the 

initial model input rate, 2.6 mol·h-1·m-2).  Table 32 represents the Ra-226 model 
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Pb-210 inputs above the Lower Bass Lake baseline to each Laurentian study lake as 

a fraction of the atmospheric deposition on the watershed (Equation 58); and the 

watershed mean Pb-210 erosional residence time from for each lake and scenario 

(Equation 57).  Besides Currie Lake (and Lower Bass Lake), the fraction of water 

atmospheric deposition to the lakes were within a factor of 2 of the value calculated 

from the Ottawa River study (JOSHI, 1990), fc = 0.52%.   

Table 32.  Ra-226 model Pb-210 watershed fractions above baseline 

Lake 

Fraction of Pb-210 watershed 
atmospheric deposition to lake 

inputs above baseline 

fc (%) 

watershed mean Pb-210 
erosional residence time 

τW (y) 

Base Alternate ‘B’ Base Alternate ‘B’ 

Currie 13.9 13.5 199 205 

McSourley 1.11 1.29 2860 2460 

Petznick 0.68 0.68 4700 4660 

Lower Bass1 0 0 NA NA 

Perch 0.42 0.54 7670 5940 

Upper Bass 0.24 0.50 13600 6380 

Otterson 0.42 0.71 7640 4500 
1 baseline having the lowest total areal inputs, which was assigned as the regional 

areal atmospheric deposition 

The hydrologic flushing rate may affect the efficiency of Pb-210 sedimentation as an 

explanation for the high proportion of lake input from watershed indicated for 

Currie Lake and McSourley Lake indicated in Table 32.  Lower hydrologic flushing 

rates may correspond to conditions that better enable partitioning and settling 

(BINFORD, 1993).  Currie Lake has a low watershed to lake area ratio of 2.9, which 

may result in a higher efficiency of watershed transport.  Figure 20 and Table 32 

show that the Ra-226 model requires higher inputs in the alternate ‘B’ scenarios 

(having double water concentration) for Perch Lake, Upper Bass Lake and Otterson 

Lake, the lakes with the greatest hydrologic flushing rates.  Conversely, the 

concentration of Pb-210 in these lakes may be considered sensitive to the input 

rate.   

Otterson Lake among the Laurentian study lakes is uniquely not a headwater 

(CORNETT, 1984), receiving tributary inflow from Chalk River and a network of 

marshy tributaries situated in the watershed several kilometers to the northwest.  

This watershed is 9075 ha, 30 times larger than the others in the study.  Despite 

these features, the fraction of watershed deposition to lake and mean erosional 

residence time shown in Table 32 are close to the other high hydrologic flushing 

rate lakes (Upper Bass Lake and Perch Lake).   

The range of total Po-210 rates was greater than the range of total Pb-210 rates by 

a factor of 4 (base scenarios) or 3 (alternate scenarios).  This higher sensitivity of 

Po-210 rates resulted because the inflow concentrations were not reduced during 
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optimization and there was no net sedimentation.  These features and radioactive 

decay explain the identical Po-210 residence times between base and alternate ‘B’ 

scenarios, having the total rate double with the concentration.  The large difference 

(factors of 3 or 4) between base and alternate ‘B’ scenario Ra-226 residence times 

was an artifact of the corresponding reductions in particle settling flux required for 

the doubled Pb-210 concentrations in the alternate ‘B’ scenarios.  The Pb-210 

residence times for the alternate ‘B’ scenarios are double the base scenarios 

because they are dominated by the sedimentation rates assumed from the original 

study (CORNETT, 1984), except for the higher hydrologic flushing rate Upper Bass 

Lake and Otterson Lake having residence time factors slightly less than 2.   

 

Figure 19.  Laurentian lakes study sediment flux (CORNETT, 1984) 

Table 33 shows the sedimentation proportion of Pb-210 sinks reported in the 

original study (CORNETT, 1984), and as determined by the Ra-226 model in the 

base and alternate ‘B’ scenarios.  The Pb-210 proportion of sedimentation to total 

losses determined by the Ra-226 model for all but the highest hydrologic flushing 

rate Upper Bass Lake (4.6 a-1) and Otterson Lake (26 a-1) were >90% in the base 

scenarios and >85% in the alternate ‘B’ scenarios.  The discrepancy in the results 

stems from the Ra-226 model accounting for processes in detail whereas the 

original study assumed watershed inputs as a constant fraction of the watershed 

area and assigned excess flux to outflow.  The original study and Ra-226 model 

results are plotted in Figure 21 as a function of the hydrologic flushing rate.   

There appears to be a transition in sensitivity of sedimentation to hydrologic 

flushing rate between Perch Lake and Upper Bass Lake, in the range 2-4 a-1.  This 
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range of flushing rates would be several times greater than might correspond 

generally to the 2-a residence time that is suggested for Pb-210 between near 

complete and adsorption site-limited sedimentation efficiency (BINFORD, 1993).  

The effect may result from seasonal processes contributing to sedimentation.  The 

sedimentation proportion for the lakes above this hydrologic flushing rate was more 

sensitive to concentration and by extension the total input rate to the water.  

Deposition onto lake ice and subsequent rapid flushing in the spring is identified as 

potential causes of low sedimentation rates (CORNETT, 1984).  The greatest model 

overestimate of lake concentration and sedimentation proportion is expected for 

lakes with the highest hydrologic flushing rate.   

 

Figure 20.  Laurentian lakes model Pb-210 atmospheric deposition 

Table 33.  Laurentian lakes Pb-210 proportion to sediment 

 Lake 
Study (%) 

(CORNETT, 1984) 

Ra-226 model (%) 

Base Alternate ‘B’ 

Currie 80 99 97 

McSourley 52 91 84 

Petznick 42 95 90 

Lower Bass 39 94 89 

Perch 39 92 85 

Upper Bass 21 69 52 

Otterson 17 48 32 
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Figure 21.  Laurentian lakes model sedimentation proportion 

4.4.2 JUDGE SISSONS LAKE 

As outlined in the method section 4.2.1.2, the assumed inflow and water 

concentrations and particularly Po-210/Pb-210 activity ratios may have been 

underestimated by detection limit-censored measurements.  However, the 0.5 

Po-210/Pb-210 sediment activity ratio is well supported by the measurements.  

Excess Po-210 in sediment is observed and attributed to biological uptake (CHAI, 

2004) and faster sedimentation rates of Po-210 (NELSON, 2017).  Sediment in 

Quirke Lake, Ontario, including Ra-226, Pb-210 and Po-210 may be enhanced by 

local uranium ore processing, where sedimentation loading in the postmining period 

(Table 14) is estimated to be 1-3 times greater than in uncontaminated arctic lakes 

(MCKEE, 1987), suggesting a higher natural loading rate in northern relative to 

temperate lakes.  The net annual hydrologic flushing rate of Judge Sissons Lake is 

comparable to Upper Bass Lake and Otterson Lake.  As suggested by Figure 20, 

from the perspective of lake processes affecting water concentrations, these lakes 

are less sensitive than lower hydrologic flushing rate lakes.  Further, at the 

assumed sediment depth (3 cm), total activities in the sediment were greater than 

in the water, by a factor of 1.5 for Pb-210 and by a factor of 7 for Po-210.  The 

assumed sediment concentrations drove most of the net flux from water to 

sediment within the Ra-226 model at a Po-210/Pb-210 activity ratio of 77.  As 

indicated in Table 28, these activities represented a molar ratio of 1.32.  The 

sedimentation processes, whether by settling particle adsorption, biological 
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interaction or diffusion, may favour Po-210 over Pb-210 in Judge Sissons Lake.  The 

adsorption sites or other factors important to settling in the lake would appear to be 

more limiting for Pb-210 than for Po-210.   

The proportion of Po-210 input by atmospheric deposition was 1% and by inflow 

was 3%.  The relatively high contributions of Pb-210 decay to total losses, 7%, and 

Po-210 ingrowth to total inputs, 60%, was due to relatively low overall Pb-210 

process rates in the water and the high total water concentration assumed from 

measurements, 15 mBq·L-1.  The proportion of Ra-226 input through atmospheric 

deposition was much larger at 51%.  Although site measurements indicate a 

concentration of Ra-226 on aerosol 3.5 times greater (AREVA, 2011C) than typical 

for the lower troposphere (MOORE, 1976), the concentration was reduced during 

model optimization to 33% of that initially assumed to nearly the typical 

troposphere value.  The activity of Pb-210 on aerosol assumed from the site 

measurements was similarly reduced to 25% of the initial value.  The resulting 

concentration was an order of magnitude lower than the reference value 

(UNSCEAR, 2000) and measured at other sites (TALBOT, 1983)(RPB, 2017).  

The discrepancy could indicate a bias in the sampling for or measurement of 

activity on aerosol.  The concentration of Po-210 on aerosol measured at the site is 

close to the reference value (UNSCEAR, 2000).   

The emission rate set for Po-210 within the Ra-226 model was 9.1 times the 

combined inflow and atmospheric deposition rates.  Accounting for the reduced 

Pb-210 atmospheric deposition rate to the lake surface within the Ra-226 model, to 

25% of the value initially assumed, the activity proportion of atmospheric 

deposition of Po-210 relative to Pb-210 was 86%, representing a mean residence 

time of 1227 d (GAVINI, 1974)(LEHMANN, 1959).  Although the Po-210/Pb-210 

activity ratio approaches 1 in the stratosphere (JACOBI, 1963) and the 

stratosphere may contribute air mass to the troposphere periodically (GAVINI, 

1974), these phenomena likely do not explain such a high activity ratio.  Neither 

would the lake water, inflow and sediment measurements, all of which have more 

samples with Pb-210 than Po-210 measurements below detection limit (section 

4.2.1.2).  The Po-210/Pb-210 aerosol activity ratio is measured to range 8-35% at 

ground level in England (PEIRSON, 1966).  Snow and ice cover at remote northern 

sites may reduce (PERSSON, 2011) or greatly reduce (EL-DAOUSHY, 1988) aerosol 

Pb-210 concentration by impairing Rn-222 release.  This appears to be the most 

likely explanation for a high Po-210/Pb-210 activity ratio.  On the other hand, the 

highest concentrations of Rn-222 in air are found in central Canada (GRASTY, 

1994), which may add significant quantities of Pb-210 to the central and eastern 

arctic (MACDONALD, 1996).   

Instead the watershed was considered the source of added input, which was added 

as emission to water during the Ra-226 model optimization.  The large Po-210 

emission added during optimization accounted for 36% of the total input to water, 

while ingrowth from Pb-210 accounted for 60%.  However, the watershed 
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atmospheric deposition cannot account for all the added Po-210, which was 6 times 

the atmospheric deposition to the watershed.   

Table 34 shows the result of watershed source calculations (as for Clinton River, 

section 3.5.3) by applying Equation 55 for Ra-226 and Pb-210, and Equation 59 for 

Po-210 to account for ingrowth.  Ra-226 model emission for Pb-210 EW, and 

unadjusted atmospheric deposition (rain qM, wet qQ, and dry qC) applied to the 

watershed area as 𝒥A were used to calculate the fraction of watershed inputs to the 

lake fC from Equation 58 (Equation 60 for Po-210 to account for ingrowth).  The 

watershed mean erosion residence time τW was calculated from Equation 57, and 

the watershed inventory IW was calculated from Equation 56.  The unadjusted 

atmospheric deposition rates representing the site measurements (Table J-9 and 

section J.3) were used so that the atmospheric contribution was not 

underestimated.   

Table 34.  Judge Sissons Lake watershed residence times 

nuclide 

lake watershed 

emission 
EW 

(mol·h-1) 

deposition 
nM+nQ+nC 

(mol·h-1) 

deposition 
qWA 

(mol·h-1) 

fraction 
fc 

(%) 

res. time 
τW 

(a) 

inventory 
IW 

(mol) 

Ra-226 0 5.8E-09 1.3E-07 4.3 51000 2.9E-04 

Pb-210 0 7.7E-11 2.3E-09 20 129 5.1E-04 

Po-210 2.4E-11 5.5E-13 4.1E-12 1.4 38 8.5E-06 

The mean Pb-210 erosional residence time for is 129 a, less than the reported 

6200 a for the Ottawa River watershed (JOSHI, 1990) and 1400 a for the Rhone 

River watershed (DOMINIK, 1987), and that was determined for Bickford Pond 

(390 a, section 3.5.2) and Clinton River (1510 a, section 3.5.3).  Judge Sissons 

Lake is ice covered for 8 months of the year between October and June (AREVA, 

2011B).  Ice-bound accumulation of atmospheric deposition and spring flushing is 

greater there than at the more temperate Laurentian study lakes (CORNETT, 

1984).  The ratio of winter to summer average atmospheric Pb-210 concentrations 

is determined to be about 4 at the 65°N Kiggavik location (ZHANG, 2015), so much 

of the annual atmospheric deposition would be trapped in snow and ice and 

released with spring melt.  These factors may contribute to a large fraction of the 

watershed inputs to the lake, fC = 20%, and to the low mean Pb-210 erosional 

residence time.  The effective inventories determined by the watershed calculation 

are at a slight Po-210/Pb-210 activity deficit, 98.8%.  The Table 34 mean erosional 

residence times and inventories were constrained to watershed inputs from 

atmospheric deposition.  Components of lake input from watershed rock and soil (in 

addition to atmospheric deposition) would correspond to a higher mean erosional 

residence time.   
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Equation 55 was modified to account for additional watershed input from the 

ground: 

 𝑞𝑊𝐴 + 𝑞𝑊𝐺 − 𝐼𝑊 ∙ (𝜆 +
1

𝜏𝑊
) = 0 (61) 

where 

 qWG = input from geological source in watershed [N·T-1] 

The additional ground source would contribute to the effective watershed inventory 

IW.  Equation 59 represents the Po-210 watershed balance as before.  The 

proportion of Pb-210 watershed input supporting the inventory from the ground 

source is qWG / (qWG + qWA), which is plotted in Figure 22 versus the mean Pb-210 

and Po-210 erosional residence times τW.Pb and τW.Po.  At τW.Pb = 390 a, 

corresponding to the value estimated for Bickford Pond (section 3.5.2), about 2/3 

of the Pb-210 would come from the ground in the watershed.  The proportion of the 

Po-210 watershed inputs from atmospheric deposition is 0.5% in the no ground 

source case shown in Table 34, and the proportion decreases as the proportion of 

Pb-210 from the ground increases.   

 

Figure 22.  Judge Sissons Lake Pb-210 geological source contribution 
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4.4.3 STREAM SAMPLES 

The measurement of stream samples showed that excess of Po-210 above 

equilibrium concentration with Pb-210 was observed in all stream samples except 

Pleasant Valley Creek and McCrearys Creek.  The measurements represent total 

concentrations of dissolved and SPM activity, since sample acidification to pH 2 

should have released the adsorbed portions.  The results of ICP-MS revealed that 

pumping through the resin column for Cs-137 removal did not affect the 

concentration of Pb-208, and presumably neither did it of Pb-210.  Greater 

inconsistency between Pb-210 measurements suggests that the observation was at 

least partly analytical.  Regeneration of Po-210 from biological particles results in 

excess in the ocean, and is attributed further to release from sediment in the Black 

Sea (WEI, 1994).  Observed excess is attributed to earlier release of Po-210 

versus Pb-210 from sediment during developing anoxic conditions in Bickford Pond 

(BENOIT, 1990).  The lack of such excess in Lake Sammammish is attributed to the 

presence of sulfide (BALISTRIERI, 1995).  Excess is observed in some samples of 

stream inflow to Experimental Lakes Area Lake 239 (BRUNSKILL, 1987).  Excess of 

Po-210 is measured generally in samples from the Euphrates River collected during 

the summer, but not the winter (AL-MASRI, 2004).  Excess Po-210 may be an 

indication of groundwater rather than meteoric Pb-210 (BENOIT, 1987).   

The measurement of Po-210 hinged on subsequent determination of the original 

Pb-210 content by ingrowth through the second plating step to correct for the 

ingrowth in the interval leading to the first plating.  Although the first plating alpha 

spectrometry of the second and third set of samples collected in 2016 September 

and 2016 November were successful, no counts above background were recorded in 

the second plating alpha spectrometry.  As such the ingrowth contribution to the 

concentration of Po-210 could not be determined.  Having affected all the samples 

from the second and third sets, the error was evidently procedural or involved a 

common reagent.  Contamination by Fe used in the precipitation step, known to 

interfere with subsequent Po deposition, has been argued in favour of MnO2 for 

coprecipitation (IAEA, 2009A).  However, this stage of wet chemistry preparation 

was common to both Po-210 platings.   

4.5 CONCLUSION 

The fraction of atmospheric deposition of Pb-210 falling on the watershed that was 

transported to the Laurentian study lakes was <1%, except for Currie Lake and 

McSourley Lake which have the lowest hydrologic flushing rates.  The Currie Lake 

fraction was about 14%, which may reflect a low watershed to lake area ratio of 

2.9.  The fraction of Laurentian study lake total Pb-210 input from transport of 

atmospheric deposition falling on the watershed appears to indicate a minimum for 

Lower Bass Lake, which had an intermediate hydrologic flushing rate of 0.61 a-1.  

There may be a combination of causes leading to this effect including low 

watershed to lake area ratio (Currie Lake); higher efficiency of watershed transport 

and/or sedimentation at low hydrologic flushing rate (Currie Lake and McSourley 
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Lake); efficient transport atmospheric meltwater in lakes with high hydrologic 

flushing rate (Upper Bass Lake and Otterson Lake); and a tributary effect in lakes 

that are not headwaters (Otterson Lake).   

The sedimentation fraction of Pb-210 was >85% for all Laurentian study lakes 

except Upper Bass Lake and Otterson Lake, which have the highest hydrologic 

flushing rates.  A bias in the Ra-226 model to indicate a higher proportion of 

sedimentation was expected to be greatest in lakes with higher hydrological 

flushing rate because of seasonal SPM partitioning and meltwater flushing.  The 

effect would have been compensated in the Ra-226 model applications to the 

Laurentian study lakes by the biased sedimentation rates to which they were 

constrained.   

The proportion of atmospheric deposition of Pb-210 directly to Judge Sissons Lake 

to total lake input is 17%, which is the same proportion as the lake area to the 

watershed area.  The balance of 85% is from the watershed.  If atmospheric 

deposition is the only watershed source, mean erosional residence times of Pb-210 

and Po-210 are 129 y and 38 y.  A higher watershed mean erosional residence time 

of Pb-210 would imply that there is a significant ground source in the watershed.   

About 98% of Po-210 in Judge Sissons Lake water comes from the watershed, of 

which at least 99.5% is ingrowth from Pb-210 decay, which would increase in 

relation to the ground source proportion of Pb-210.   

The Po-210/Pb-210 activity ratio of the rates of net sedimentation is about 75.  The 

proportion of Pb-210 lost to outflow is about 85%, and the proportion of Po-210 

lost to sediment is about 70%.   

4.6 FUTURE WORK 

Further analysis of the Laurentian lakes (CORNETT, 1984) would benefit by water 

measurements, particularly of separate dissolved and SPM activities and SPM 

concentrations.  The study of Judge Sissons Lake would benefit from more sensitive 

measurements of water and sediment samples to reduce or eliminate the number 

of results below the limit of detection.   
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5 Conclusion 

The proportion inputs to Laurentian study lake Pb-210 lost to sediment was >85%, 

except for the lakes with the highest hydrologic flushing rates.  and greater than 

estimated in the original study (CORNETT, 1984).  The Ra-226 model applied the 

upper bound of local lake water sample measurements, which were expected to 

bias low the calculated sedimentation proportion.  The result indicates that 

sedimentation rates in the lakes are a better measure of atmospheric deposition 

than previously estimated.   

The Judge Sissons Lake watershed is the source of up to 85% of the Pb-210 and 

98% of the Po-210 input to the water.  The watershed mean erosional residence 

times were 129 y and 38 y considering only atmospheric deposition to the 

watershed.  Longer residence times would be associated with additional Pb-210 

input from the watershed ground.  Relative to other study sites, shorter residence 

times are expected due to rapid spring flushing of atmospheric deposition which is 

weighted to the winter season.  However, there is likely a significant watershed 

ground contribution to the Pb-210 and Po-210 in the water and sediment of Judge 

Sissons Lake since a contribution of 50% is implied by a Pb-210 residence time as 

low as 250 y.   

The steady-state partitioning Ra-226 model is subject to epistemic error, several 

examples of which were identified in the applications.  The model was developed by 

reformulating and testing QWASI aquivalence lead applications, and then by linking 

modules for Ra-226, Pb-210 and Po-210 with decay terms and testing on two lakes 

and a river.  This work provided insights into parameter selection and constraint.  A 

comprehensive understanding of the epistemic error is complicated by the 

combinations of parameters to which the Ra-226 model may be applied.  However, 

this versatility enabled the testing of both hypotheses posed in Chapter 1.   

Future work is recommended to develop a radiological series partitioning model by 

using a layered water compartment and Monte Carlo techniques.  Applications could 

be made of a layered model to the Crystal Lake study, and of a Markov Chain 

Monte Carlo method to parameter adjustment.  Study of the Laurentian lakes could 

be enhanced by direct measurements of lake water, most effectively involving 

separate dissolved and SPM-adsorbed fractions.  The study of Judge Sissons Lake 

could be improved by the application of more sensitive techniques to reduce the 

number of measurements below the limit of detection.   
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A QWASI Aquivalence Formulation 

A.1 MODEL 

A.1.1 BALANCE 

Figure A-1 shows the QWASI aquivalence box model box model components 

(MACKAY, 1989) in terms of aquivalence 𝔸, transport parameters D and emission 

EW.  The system boundaries are drawn to differentiate the bulk media where the 

aquivalences 𝔸 are defined.  An arbitrary boundary is drawn within the water 

column to differentiate the water medium and aquivalence 𝔸W from the inflow water 

medium and aquivalence 𝔸WI.  The compartments are assumed to be well-mixed 

internally.   

 

Figure A-1.  QWASI aquivalence model aquivalence, transport and emission 

Molar rate expressions for the water and the sediment boxes are (MACKAY, 1989): 

 (𝐷𝐷 + 𝐷𝑇)𝔸𝑊 − (𝐷𝑅 + 𝐷𝑇 + 𝐷𝐵)𝔸𝑆 = 0 (A.1) 

 
𝐸𝑤 + (𝐷𝑋 + 𝐷𝐼)𝔸𝑊𝐼 + (𝐷𝑉 + 𝐷𝑀 + 𝐷𝐶 + 𝐷𝑄)𝔸𝐴 + (𝐷𝑇 + 𝐷𝑅)𝔸𝑆

− (𝐷𝑉 + 𝐷𝐷 + 𝐷𝑇 + 𝐷𝐽 + 𝐷𝑌)𝔸𝑊 = 0 
(A.2) 

where 

 EW emissions to water [N·L-3] 
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Bulk (media) aquivalence capacities are defined on a volume basis from (MACKAY, 

1989): 

Air  ℤ𝐴𝑇 = (1 − 𝑓𝐴𝑉)ℤ𝐴 + 𝑓𝐴𝑉ℤ𝑄 (A.3) 

Water inflow  ℤ𝐼𝑇 =
𝑄𝐼ℤ𝑊+𝑄𝑋ℤ𝑃

𝑄𝐼+𝑄𝑋
 (A.4) 

Water  ℤ𝑊𝑇 = (1 − 𝑓𝑊𝑉)ℤ𝑊 + 𝑓𝑊𝑉ℤ𝑃 (A.5) 

Sediment  ℤ𝑆𝑇 = (1 − 𝑓𝑆𝑉)ℤ𝑊 + 𝑓𝑆𝑉ℤ𝑆 (A.6) 

where 

 fAV volume fraction of aerosol [-] 

 fSV volume fraction of sediment particles [-] 

 fWV volume fraction of SPM [-] 

Aquivalences are defined by extension from (MACKAY, 1989): 

Air 𝔸𝐴 =
𝐶𝐴
ℤ𝐴𝑇

 (A.7) 

Water inflow 𝔸𝑊𝐼 =
𝐶𝐼
ℤ𝐼𝑇

 
(A.8) 

Water 𝔸𝑊 =
𝐸𝑤 + (𝐷𝐼 + 𝐷𝑋)𝔸𝑊𝐼 + (𝐷𝑉 + 𝐷𝑀 + 𝐷𝐶 + 𝐷𝑄)𝔸𝐴

𝐷𝑇 + 𝐷𝐷 + 𝐷𝑉 + 𝐷𝐽 +𝐷𝑌 − (𝐷𝑇 + 𝐷𝑅)
𝐷𝑇 + 𝐷𝐷

𝐷𝐵 + 𝐷𝑇 + 𝐷𝑅

 
(A.9) 

Sediment 𝔸𝑆 =
𝐷𝑇 + 𝐷𝐷

𝐷𝐵 + 𝐷𝑇 +𝐷𝑅
𝔸𝑊 

(A.10) 

where 

 

 CA = concentration of lead in air [M·L-3] 

 CI = concentration of nuclide in inflow water (total) [M·L-3] 

A.1.2 CONCENTRATIONS 

Table A-1 defines the phase concentrations.   
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Table A-1.  Phase concentration definitions 

Phase Concentration [N·L-3]  

Air, gas 𝐶𝐺 = (1 − 𝑓𝐴𝑉)𝔸𝐴ℤ𝐴  

Air, aerosol 𝐶𝐴 = 𝑓𝐴𝑉𝔸𝐴ℤ𝑄  

Rain 𝐶𝑀 = 𝔸𝐴(ℤ𝑊 + 𝑓𝐴𝑉𝑊𝑔ℤ𝑄) (A.11) 

Water, dissolved 𝐶𝑊 = (1 − 𝑓𝑊𝑉)𝔸𝑊ℤ𝑊 (A.12) 

Water, SPM 𝐶𝑃 = 𝑓𝑊𝑉𝔸𝑊ℤ𝑃 (A.13) 

Sediment, pore water 𝐶𝑁 = (1 − 𝑓𝑆𝑉)𝔸𝑆ℤ𝑊  

Sediment, solids 𝐶𝑆 = 𝑓𝑆𝑉𝔸𝑆ℤ𝑆 (A.14) 

Bulk air 𝐶𝐴𝐵 = 𝔸𝐴ℤ𝐴𝑇  

Bulk water 𝐶𝑊𝐵 = 𝔸𝑊ℤ𝑊𝑇  

Bulk sediment 𝐶𝑆𝐵 = 𝔸𝑆ℤ𝑆𝑇  

where 

 Wg = rain scavenging ratio [-] 

A.1.3 PROCESSES 

Table A-2 defines the process rates q and transport parameters D for each process.   

Table A-2.  Process rates and transport parameters 

Process Rate [N·T-1] Transport [L3·T-1] 

Inflow, water 𝑞𝐼 = 𝐷𝐼𝔸𝑊𝐼  𝐷𝐼 = 𝑄𝐼ℤ𝑊  

Inflow, SPM 𝑞𝑋 = 𝐷𝑋𝔸𝑊𝐼  𝐷𝑋 = 𝑄𝑋ℤ𝑃  

Outflow, water 𝑞𝐽 = 𝐷𝐽𝔸𝑊  𝐷𝐽 = 𝑄𝐽ℤ𝑊  

Outflow, SPM 𝑞𝑌 = 𝐷𝑌𝔸𝑊  𝐷𝑌 = 𝑄𝑌ℤ𝑃  

Rain 𝑞𝑀 = 𝐷𝑀𝔸𝐴 (A.15) 𝐷𝑀 = 𝑄𝑀ℤ𝑊 (A.16) 

Deposition, dry 𝑞𝑄 = 𝐷𝑄𝔸𝐴 (A.17) 𝐷𝑄 = 𝑄𝑄ℤ𝑄 (A.18) 

Deposition, wet 𝑞𝐶 = 𝐷𝐶𝔸𝐴 (A.19) 𝐷𝐶 = 𝑄𝐶ℤ𝑄 (A.20) 

Adsorption, air-water 𝑞𝑉𝑊 = 𝐷𝑉𝔸𝐴  
𝐷𝑉 = 𝑄𝑉ℤ𝑊  

Volatilization, water-air 𝑞𝑉𝐴 = 𝐷𝑉𝔸𝑊  

Diffusion, water-sediment 𝑞𝑇𝑆 = 𝐷𝑇𝔸𝑊  
𝐷𝑇 = 𝑄𝑇ℤ𝑊  

Diffusion, sediment-water 𝑞𝑇𝑊 = 𝐷𝑇𝔸𝑆 (A.21) 

SPM deposition 𝑞𝐷 = 𝐷𝐷𝔸𝑊 (A.22) 𝐷𝐷 = 𝑄𝐷ℤ𝑃 (A.23) 

Sediment resuspension 𝑞𝑅 = 𝐷𝑅𝔸𝑆  𝐷𝑅 = 𝑄𝑅ℤ𝑆  

Sediment burial 𝑞𝐵 = 𝐷𝐵𝔸𝑆  𝐷𝐵 = 𝑄𝐵ℤ𝑆  

Table A-3 defines the volumetric rates Q.   
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Table A-3.  Volumetric rates  

Process Volumetric rate [L3·T-1] 

Inflow, water  𝑄𝐼  

Inflow, SPM  𝑄𝑋 =
𝑄𝐼𝐶𝑃𝐼

𝜌𝑊
  

Outflow, water  𝑄𝐽  

Outflow, SPM  𝑄𝑌 = 𝑓𝑊𝑉𝑄𝐽  

Rain  𝑄𝑀 = 𝑣𝑅𝐴𝐴𝐿𝐴 (A.24) 

Deposition, dry  𝑄𝑄 = 𝑓𝐴𝑉𝑣𝐴𝐷𝐴𝐿𝐴 (A.25) 

Deposition, wet  𝑄𝐶 = 𝑓𝐴𝑉𝑊𝑔𝑄𝑀 (A.26) 

Diffusion, air  𝑄𝑉 = 𝑘𝑉𝐴𝐿𝐴  

Diffusion, sediment  𝑄𝑇 = 𝑘𝑇𝐴𝑆𝐸  

Particle deposition  𝑄𝐷 =
𝐹𝑆𝐴𝐿𝐴

𝜌𝑊
  

Sediment resuspension  𝑄𝑅 =
𝐹𝑅𝐴𝐿𝐴

𝜌𝑆
  

Sediment burial  𝑄𝐵 =
𝐹𝐵𝐴𝐿𝐴

𝜌𝑆
  

where 

 ALA = water body surface area [L2] 

 ASE = sediment surface area [L2] 

 CPI = concentration of inflow particulate [M·L-3] 

 vRA = rate of rain [L·T-1] 

 vAD = rate of aerosol deposition [L·T-1] 

 FS = flux adsorbed on SPM, settling [M·L-2·T-1] 

 FR = flux adsorbed on SPM, resuspension [M·L-2·T-1] 

 FB = flux of sediment particles, burial [M·L-2·T-1] 

 kT = mass transfer coefficient: water/sediment [L·T-1] 

 kV = mass transfer coefficient: net air/water [L·T-1] 

The particle flux terms should be constrained by mass balance, if burial accounts for 

sediment accumulation: 

 𝐹𝑆 = 𝐹𝑅 + 𝐹𝐵 (A.27) 
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Process rates across the system boundary express the molar rate balance: 

 𝑛̇𝐼𝑁 = 𝐸𝑤 + 𝑞𝐼 + 𝑞𝑋 + 𝑞𝑀 + 𝑞𝑄 + 𝑞𝐶 + 𝑞𝑉𝑊 (A.28) 

 𝑛̇𝑂𝑈𝑇 = 𝑞𝐽 + 𝑞𝑌 + 𝑞𝑉𝐴 + 𝑞𝐵 (A.29) 

A.1.4 SYSTEM PROPERTIES 

The fraction of aerosols fAV is: 

 𝑓𝐴𝑉 =
𝐶𝑃𝐴
𝜌𝐴

 (A.30) 

where 

 CPA = concentration of aerosol [M·L-3] 

 ρA = density of air particles [M·L-3] 

The fraction of SPM is: 

 𝑓𝑊𝑉 =
𝐶𝑃𝐿
𝜌𝑊

 (A.31) 

where 

 CPL = concentration of suspended particulate matter [M·L-3] 

The overall mass transfer coefficient kV is (MACKAY, 2001): 

 
𝑘𝑉 =

1

1
𝑘𝑉𝑊

+
𝑅𝑇𝑊
𝑘𝑉𝐴𝐻

 
(A.32) 

where 

 kVW = mass transfer coefficient water-side [L·T-1] 

 kVA = mass transfer coefficient air-side [L·T-1] 

The distribution coefficients for sediment Kd and suspended particulate Kp may be 

set from the literature, or from the system observations of water concentration COW, 

sediment concentration COS and particle concentration COP: 

 𝐾𝑑 =
𝐶𝑂𝑆
𝐶𝑂𝑊

 (A.33) 

 
𝐾𝑝 =

𝐶𝑂𝑃
𝐶𝑂𝑊𝐶𝑃𝐿

 (A.34) 
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The total water concentration COWP may be available instead, and by the fraction of 

SPM in water fPW, the particle and water concentrations COP and COW found: 

 𝐶OP = 𝑓PW𝐶OWP (A.35) 

 𝐶OW = (1 − 𝑓PW)𝐶OWP (A.36) 

where 

 fPW = SPM adsorption fraction [-] 

A.2 INPUTS 

A.2.1 PHYSICAL PROPERTIES 

Table A-4 shows physical properties required for the model (MACKAY, 1989). 

Table A-4.  Physical properties 

Property Symbol Value Units 

Ideal gas constant R 8.314 m3·Pa·K-1·mol-1 

Mass transfer coefficient: water-air kVA 114 m·h-1 

Mass transfer coefficient: air-water kVW 0.0114 m·h-1 

A.2.2 CHEMICAL PROPERTIES 

The vapour phase does not factor significantly into the transport and concentrations 

of stable lead.  The available data was input to the reproduced QWASI aquivalence 

model to make a general assessment of magnitude for the volatilization process.   

This polynomial expression for solid lead cited over the temperature range 298 K to 

melting point gives a vapour pressure of 4E-24 Pa at 25°C (ALCOCK, 1984): 

 log𝑃 [𝑎𝑡𝑚] = 5.643 −
10143

𝑇[𝐾]
 (A.37) 

This temperature and pressure are upper bounds for natural waters.  No volatile 

lead compounds have been identified that would result biogeochemically.   

Over the range of natural water assumed approximately as pH 6.7-10, the solubility 

of Pb was determined to be 3 mg/L with PbCl2 and PbSO4, and 0.2 mg/L with 

PbCO3; over the intermediate range pH 8-9 these were measured to be 0.5 mg/L 

and 0.1 mg/L respectively (PEIRRARD, 2002).   

The concentration of anions in Lake Ontario were reported to be 42.2 mg/L HCO3
-, 

13 mg/L Cl-, and 8 mg/L SO4
2-, and at the surface pH is about 8 (ALLEN, 1977).  

                                       
14 Mackay assigns kV = 0 for the involatility of lead, although values of kVA and kVW are 

tabled (ALCOCK, 1984); kV is calculated with Equation A.32 but assigned kV = 0 for 

verification.   
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The solubility in Lake Ontario was taken to be limited by HCO3
- at 0.1 mg/L for 

application in the QWASI aquivalence model.   

Table A-5 summarizes the chemical properties of lead.   

Table A-5.  Properties of lead 

Property Symbol Value Units 

Vapour pressure PV 4E-2415 Pa 

Chemical solubility S 0.116 mg·L-1 

Molar mass M 207 g·mol-1 

A.2.3 LAKE PROPERTIES 

A temperature TW = 12°C was adopted from the value applied to Lake Ontario for 

PCB.  Table A-6 lists lake inputs to the model (MACKAY, 1989).   

The observed concentrations shown in Table A-8 were used to calculate the 

distribution coefficient by Equations (A.33) and (A.34): 

Kd = 3.33E+05 L·kg-1 

Kp = 6.67E+05 L·kg-1 

 

                                       
15 From (PEIRRARD, 2002) 
16 From (MACKAY, 1989) 
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Table A-6.  QWASI Lake Ontario properties 

Property Value 

Area of lake ALA m2 1.95E+10 

Area of sediment ASE m2 1.95E+10 

Density of SPM ρw g·cm-3 2.4 

Density of aerosol ρA g·cm-3 1.5 

Density of sediment ρS g·cm-3 2.4 

Concentration of water particulate CPL mg·L-1 0.5 

Concentration of inflow particulate CPI mg·L-1 2417 

Concentration of aerosol CPA μg·m-3 30 

Rate of rain vRA m·a-1 0.84 

Rate of dry aerosol deposition vAD m·h-1 7.218 

Rain scavenging ratio Wg - 133,00019 

Mass transfer coefficient: sediment/water kT m·h-1 4E-04 

Volumetric rate of water inflow QI m3·h-1 2.40E+07 

Volumetric rate of water outflow QJ m3·h-1 2.44E+07 

Volume fraction of sediment particles fSV - 0.15 

Flux of particles, settling FS g·m-2·d-1 fit20 

Flux of particles, resuspension FR g·m-2·d-1 fit20 

Flux of particles, burial FB g·m-2·d-1 fit20 

Emissions to water EW kg·a-1 1752 

Concentration in air, aerosol COA μg·m-3 0.075 

Concentration in water inflow COI ng·L-1 1000 

A.3 OUTPUT 

Particle flux values were adjusted by trial and error to optimize the Pb model.  No 

set of flux values could be found that achieve correspondence between each of the 

water, SPM and sediment concentration observations and model outputs.  Table A-7 

shows the initial and adjusted particle flux values that result in correspondence 

between the reported and recalculated model concentrations.   

                                       
17 Inferred from the reported inflow particle transport parameter DX (MACKAY, 1989).   
18 As 0.2 cm·s-1 (HOFF, 1996) (STRACHAN, 1988) 
19 Found from the rain/aerosol concentration ratio (MACKAY, 1989) 10000/0.075 ng·L-1 

reported in Table 6 of (STRACHAN, 1988).   
20 Optimized parameter; see section A.3 
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Table A-7.  QWASI aquivalence formulation particle fluxes 

Process 
Particle flux (g·m-2·h-1) 

Initial21 Final 

Settling FS  0.1 1.41 

Resuspension FR  0.0875 1.16 

Burial FB  0.125 0.59 

Table A-8 shows the reported observed and model estimated concentrations 

(MACKAY, 1989) and the recalculated model concentrations using the final flux 

values.   

Table A-8.  QWASI formulation concentrations 

Phase 
Reported Model 

Estimated (Observed) Estimated 

Air, gas (COG) CG μg/m3 0 0 3.8E-24 

Air, aerosol (COA) CA μg/m3 0.07522 0.075 0.075 

Rain (COM) CM μg/m3 10,00023 10,037 10,013 

Water (COW) CW ng/L 30022 186 185 

Water particles (COP) CP ng/L 10022 62 62 

Total water (COWP) CWP ng/L 400 247 247 

Sediment solids (COS) CS μg/g 10022 99 99 

Output aquivalence capacities, contributions to bulk media, transport parameters 

and process rates correspond to the reported values (MACKAY, 1989), except for 

discrepancies between the SPM lead outflow transport parameter and process rate: 

• DY = 8.13 m3·h-1 versus 9.53 m3·h-1 reported 

• qY = 13,203 m3·h-1 versus 15,473 m3·h-1 reported 

The reported model values for these parameters were 0.853 of the recalculated 

values.  The difference was attributed to the original calculation for particle outflow 

volumetric rate QY.   

                                       
21 From (ETHIER, 2008) citing O'Driscoll NJ, Rencz AN, Lean DR (2005) Mercury cycling in a 

wetland-dominated ecosystem: a multidisciplinary study. Society of Environmental 

Toxicology and Chemistry (SETAC).   
22 From (MACKAY, 1989)(STRACHAN, 1988) 
23 From (STRACHAN, 1987)(STRACHAN, 1988) 
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Model process diagrams show process rates (kg·a-1), contributions as percentages 

to inflow, outflow and internal processes, and concentrations, according to the 

separate adjustments detailed in Table 2: 

• Figure A-2 base: adjusted particle flux to fit original study (MACKAY, 1989) 

• Figure A-3 case 1: adjusted particle flux to Equation A.27 particle balance by 

resuspension flux FR decrease 

• Figure A-4 case 2: Kd alignment by resuspension flux FR increase 

• Figure A-5 case 3: Kd alignment by burial flux FR increase 

• Figure A-6 case 4: Kd alignment by upward sediment diffusion coefficient kTW 

increase 

 

Figure A-2.  QWASI base scenario 



 

98 

 

 

Figure A-3.  QWASI case 1: FR decrease 

 

 

Figure A-4.  QWASI case 2: FR increase 
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Figure A-5.  QWASI case 3: FB increase 

 

 

Figure A-6.  QWASI case 4: kTW increase 
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B Hamilton Harbour 

B.1 MODEL 

This section presents a reproduction of the two-layer epilimnion / hypolimnion 

QWASI aquivalence steady-state model shown in Table B-1 (LING, 1993).   

 

Figure B-1.  Hamilton Harbour layer model media and processes 

B.1.1 AQUIVALENCE 

Lake Ontario SPM aquivalence capacity: 

 ℤ𝑃𝐿 = 𝐾𝑝𝜌𝑊𝐿 (B.1) 

where 

 ρWL = SPM density in Lake Ontario [M·L-3] 

Lake Ontario bulk water inflow aquivalence capacity: 

 ℤ𝐼𝑇𝐿 = (1 − 𝑓𝑊𝑉𝐿)ℤ𝑊 + 𝑓𝑊𝑉𝐿ℤ𝑃𝐿 (B.2) 

where 

 fWVL = volume fraction of SPM in Lake Ontario [-] 

S W 
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Aquivalences are as defined for the general model.  Water inflow bulk aquivalence 

𝔸WI represents industrial, municipal and sewer inflows to the harbour.  Lake Ontario 

inflow bulk aquivalence 𝔸WIL: 

 𝔸𝑊𝐼𝐿 =
𝐶𝑂𝐼
ℤ𝐼𝑇𝐿

 (B.3) 

B.1.2 BALANCE 

The mass balance for sediment overlain by the hypolimnion is: 

 (𝐷𝐷 + 𝐷𝑇𝑆)𝔸𝐻 − (𝐷𝑅 + 𝐷𝑇𝑊 + 𝐷𝐵)𝔸𝑆 = 0 (B.4) 

The mass balance for hypolimnion is: 

 
(𝐷𝐿𝐻𝑋 + 𝐷𝐿𝐻𝐼)𝔸𝑊𝐼𝐿 + (𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃)𝔸𝐸 + (𝐷𝑇𝑊 + 𝐷𝑅)𝔸𝑆 − (𝐷𝐸𝐻 + 𝐷𝐻𝐸𝑃 + 𝐷𝐷 + 𝐷𝑇𝑆)𝔸𝐻

= 0 
(B.5) 

The mass balance for epilimnion is: 

 
𝐸𝐸 + (𝐷𝑋 + 𝐷𝐼)𝔸𝑊𝐼 + (𝐷𝑀 + 𝐷𝐶 + 𝐷𝑄)𝔸𝐴 + (𝐷𝐿𝐸𝑋 + 𝐷𝐿𝐸𝐼)𝔸𝑊𝐼𝐿 + (𝐷𝐸𝐻 + 𝐷𝐻𝐸𝑃)𝔸𝐻

− (𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃 + 𝐷𝐽 + 𝐷𝑌)𝔸𝐸 = 0 
(B.6) 

Solving by {solve [(solve (B.4) for 𝔸S) sub into (B.5)] for 𝔸E} and {solve (B.6) for 

𝔸E} for 𝔸H, 𝔸E and 𝔸S: 

 

𝔸𝐻

=

[(𝐷𝐸𝐻 +𝐷𝐸𝐻𝑃)(𝐷𝐿𝐸𝑋 +𝐷𝐿𝐸𝐼) + (𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃 +𝐷𝐽 + 𝐷𝑌)(𝐷𝐿𝐻𝑋 + 𝐷𝐿𝐻𝐼)]𝔸𝑊𝐼𝐿

+(𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃)[𝐸𝐸 + (𝐷𝑋 + 𝐷𝐼)𝔸𝑊𝐼 + (𝐷𝑀 + 𝐷𝐶 + 𝐷𝑄)𝔸𝐴]

(𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃 + 𝐷𝐽 +𝐷𝑌) (𝐷𝐸𝐻 +𝐷𝐻𝐸𝑃 +𝐷𝐷 + 𝐷𝑇𝑆 −
(𝐷𝑇𝑊 + 𝐷𝑅)(𝐷𝐷 +𝐷𝑇𝑆)
𝐷𝑅 + 𝐷𝑇𝑊 +𝐷𝐵

) − (𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃)(𝐷𝐸𝐻 +𝐷𝐻𝐸𝑃)
 

(B.7) 

 
𝔸𝐸 =

(𝐷𝐸𝐻 + 𝐷𝐻𝐸𝑃)𝔸𝐻 + (𝐷𝑋 +𝐷𝐼)𝔸𝑊𝐼 + (𝐷𝑀 + 𝐷𝐶 + 𝐷𝑄)𝔸𝐴 + (𝐷𝐿𝐸𝑋 + 𝐷𝐿𝐸𝐼)𝔸𝑊𝐼𝐿

𝐷𝐸𝐻 +𝐷𝐸𝐻𝑃 + 𝐷𝐽 +𝐷𝑌
 

(B.8) 

 
𝔸𝑆 =

(𝐷𝐷 + 𝐷𝑇𝑆)𝔸𝐻
(𝐷𝑅 + 𝐷𝑇𝑊 + 𝐷𝐵)

 
(B.9) 

The original study solves the bulk media molar balances by grouping terms (LING, 

1993).  With the following corrections, the method results in the same values for 

the aquivalences calculated with the foregoing as shown in Table B-6, simplified by 

neglecting transport parameters for volatilization DV and decay (molecular chemical 

transformation) DWE, DWH, DS.  Reformulations of the original expressions for 𝔸H, 𝔸E 

give results consistent with (B.7) and (B.8): 

 𝐷2 = 𝐷𝐸𝐻 + 𝐷𝐻𝐸𝑃 + 𝐷𝐷 + 𝐷𝑇 (B.10) 

 
𝔸𝐻 =

𝐷1𝐷𝐿𝐻𝐴𝐿 + (𝐷𝐸𝐻 + 𝐷𝐸𝐻𝑃)(𝐼 + 𝐷4𝐴𝐴 + 𝐷𝐿𝐸𝐴𝐿)

𝐷1𝐷2 − 𝐷1𝐷5 − (𝐷𝐸𝐻 +𝐷𝐸𝐻𝑃)(𝐷𝐸𝐻 +𝐷𝐻𝐸𝑃)
 

(B.11) 

 
𝔸𝐸 =

𝐼 + 𝐷4𝐴𝐴 + (𝐷𝐸𝐻 +𝐷𝐻𝐸𝑃)𝐴𝐻 + 𝐷𝐿𝐸𝐴𝐿
𝐷1

 
(B.12) 
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where 

 𝐴𝐿 = 𝐴𝑊𝐼𝐿 

 𝐷𝐿𝐻 = 𝐷𝐿𝐻𝐼 +𝐷𝐿𝐻𝑋 

B.1.3 CONCENTRATIONS 

Concentrations are as defined in Table A-1 except that the water and SPM are 

separate for the epilimnion and hypolimnion: 

 𝐶𝐻𝑊 = (1 − 𝑓𝑊𝑉)𝔸𝐻ℤ𝑊 (B.13) 

 𝐶𝐸𝑊 = (1 − 𝑓𝑊𝑉)𝔸𝐸ℤ𝑊 (B.14) 

 𝐶𝐻𝑃 = 𝑓𝑊𝑉𝔸𝐻ℤ𝑃 (B.15) 

 𝐶𝐸𝑃 = 𝑓𝑊𝑉𝔸𝐸ℤ𝑃 (B.16) 

B.1.4 PROCESSES 

Process rates and transport parameters are as defined in Table A-2, neglecting 

volatilization and adsorption, and/or as defined in Table B-1.  Volumetric rates are 

as defined in Table A-3, and/or as defined in Table B-2.   

The fraction of SPM is: 

 𝑓𝑊𝑉𝐿 =
𝐶𝑃𝐿𝐿
𝜌𝑊𝐿

 (B.17) 

Parameters ṁLEX, ṁLHX, ṁHX, ṁHLY, kEH and CPLL are defined in Table B-4.   
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Table B-1.  Hamilton Harbour process rates and transport parameters 

Process Process [N·T-1] Transport [L3·T-1] 

Inflow, water lake–epilimnion 𝑞𝐿𝐸𝐼 = 𝐷𝐿𝐸𝐼𝔸𝑊𝐼𝐿  𝐷𝐿𝐸𝐼 = 𝑄𝐿𝐸𝐼ℤ𝑊  

Inflow, water lake–hypolimnion 𝑞𝐿𝐻𝐼 = 𝐷𝐿𝐻𝐼𝔸𝑊𝐼𝐿  𝐷𝐿𝐻𝐼 = 𝑄𝐿𝐻𝐼ℤ𝑊  

Inflow, particle lake–epilimnion 𝑞𝐿𝐸𝐼 = 𝐷𝐿𝐸𝑋𝔸𝑊𝐼𝐿  𝐷𝐿𝐸𝑋 = 𝑄𝐿𝐸𝑋ℤ𝑃𝐿  

Inflow, particle lake–hypolimnion 𝑞𝐿𝐻𝐼 = 𝐷𝐿𝐻𝑋𝔸𝑊𝐼𝐿  𝐷𝐿𝐻𝑋 = 𝑄𝐿𝐻𝑋ℤ𝑃𝐿  

Particle, hypolimnion-epilimnion 𝑞𝐻𝐸𝑃 = 𝐷𝐻𝐸𝑃𝔸𝐻  𝐷𝐻𝐸𝑃 = 𝑄𝐻𝐸𝑃ℤ𝑃  

Particle, epilimnion-hypolimnion 𝑞𝐸𝐻𝑃 = 𝐷𝐸𝐻𝑃𝔸𝐸  𝐷𝐸𝐻𝑃 = 𝑄𝐷ℤ𝑃  

Outflow, water epilimnion-lake 𝑞𝐽 = 𝐷𝐽𝔸𝐸  𝐷𝐽 = 𝑄𝐽ℤ𝑊  

Outflow, particle epilimnion-lake 𝑞𝑌 = 𝐷𝑌𝔸𝐸  𝐷𝑌 = 𝑄𝑌ℤ𝑃  

Diffusion, epilimnion-hypolimnion 𝑞𝐸𝐻 = 𝐷𝐸𝐻𝔸𝐻  
𝐷𝐸𝐻 = 𝑄𝐸𝐻ℤ𝑊 

 

Diffusion, epilimnion-hypolimnion 𝑞𝐻𝐸 = 𝐷𝐸𝐻𝔸𝐸   

Diffusion, water-sediment 𝑞𝑊 = 𝐷𝑇𝔸𝐻  𝐷𝑇 = 𝑄𝑇ℤ𝑊  

Particle deposition 𝑞𝐷 = 𝐷𝐷𝔸𝐻  𝐷𝐷 = 𝑄𝐷ℤ𝑃  

 

Table B-2.  Hamilton Harbour volumetric rates 

Process Volumetric rate [L3·T-1] 

Inflow, water lake-epilimnion  𝑄𝐿𝐸𝐼  

Inflow, water lake-hypolimnion  𝑄𝐿𝐻𝐼  

Inflow, particle lake-epilimnion  𝑄𝐿𝐸𝑋 =
𝑚̇𝐿𝐸𝑋

𝜌𝑊𝐿
  

Inflow, particle lake-hypolimnion  𝑄𝐿𝐻𝑋 =
𝑚̇𝐿𝐻𝑋

𝜌𝑊𝐿
  

Inflow, particle from harbour land  𝑄𝑋 =
𝑚̇𝐻𝑋

𝜌𝑊
  

Outflow, particle epilimnion-lake  𝑄𝑌 =
𝑚̇𝐻𝐿𝑌

𝜌𝑊
  

Outflow, particle   𝑄𝑌 = 𝑓𝑊𝑉𝑄𝐽  

Diffusion across thermocline  𝑄𝐸𝐻 = 𝑘𝐸𝐻𝐴𝐿𝐴  

Flow, water hypolimnion-epilimnion  𝑄𝐻𝐸 = 𝑄𝐿𝐻𝐼  

Flow, particle hypolimnion-epilimnion  𝑄𝐻𝐸𝑃 =
𝑄𝐻𝐸𝐶𝑃𝐿

𝜌𝑊
  

B.2 INPUTS 

Table B-3 lists inputs to the Hamilton Harbour model (LING, 1993) common to the 

original QWASI model described in Appendix A (MACKAY, 1989).  Table B-4 lists 

additional variables required to extend the original QWASI model for the two-layer 
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Hamilton Harbour model.  Distribution coefficients Kd and Kp are the values 

calculated from the assumed concentrations in the original aquivalence model 

(MACKAY, 1989).   

B.2.1 LEAD CONCENTRATIONS 

Hamilton Harbour sediments sampled 1983-1987 (OME, 1992B) from five stations 

measured for lead 200, 300, 330, 340, and 570 μg·g-1 (OME, 1992C), having a 

geometric mean of 330 μg·g-1.  A more extensive set of pooled data sampled 

1975-1986 were reported as 260, 281, 310, 310, and 320 μg·g-1 (OME, 1992A), 

having geometric mean of 295 μg·g-1.  A contour map of the harbour show regions 

greater than 300 μg·g-1 covering at least half the surface area (OME, 1992A), and 

which appears to corroborate the range 34-690 μg·g-1 cited by (LING, 1993).   

The average concentration of lead in water measured in the harbour in 1982 was 

4.8 μg·L-1, and not detected for years 1984-1987 (OME, 1992A).  The observed 

concentration is tabled as <3 μg·L-1 (LING, 1993), which corresponds to a reported 

detection limit (OME, 1992C).   

Recent sedimentation rates in the harbour, determined by the Pb-210 dating 

method, are about 410 g·m-2·a-1 in recent years and 1590 g·m-2·a-1 in the pre-

dredging era (NRIAGU, 1983).   
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Table B-3.  Hamilton Harbour formulation properties 

Property Value 

Area of lake ALA m2 2.15E+0724 

Area of sediment ASE m2 2.15E+0724 

Density of SPM ρw g·cm-3 2.025 

Density of aerosol ρA g·cm-3 1.526 

Density of sediment ρS g·cm-3 2.6427 

Concentration of water particulate CPL mg·L-1 1024 

Concentration of inflow particulate CPI mg·L-1 74.428 

Concentration of aerosol CPA μg·m-3 3026 

Rate of rain vRA m·a-1 0.86524 

Rate of dry aerosol deposition vAD m·h-1 7.226 

Rain scavenging ratio Wg - 200,00026 

Mass transfer coefficient: sediment kT m·h-1 4E-04 

Volumetric rate water inflow land-harbour QI m3·h-1 28,10029 

Volumetric rate water outflow epilimnion QJ m3·h-1 148,00030 

Volume fraction of sediment particles fSV - 0.08531 

Flux of particles, settling FS g·m-2·d-1 6.0032 

Flux of particles, resuspension FR g·m-2·d-1 1.6332 

Flux of particles, burial FB g·m-2·d-1 4.3633 

Emissions to water EW kg·a-1 774034 

Concentration in air, aerosol COA μg·m-3 0.06335 

Concentration in water inflow COI ng·L-1 40036 

 

                                       
24 Coincides with (OME, 1992A)  
25 From OME, unpublished data (LING, 1993).   
26 Assumed (LING, 1993); except for Wg which corresponds to the PCB value, these are 

consistent with the lead values from (MACKAY, 1989).   
27 Range 2.24-3.04 g·cm-3 (N. Rukavina, unpublished data) (LING, 1993).   
28 Calculated as ṁHX/QI 

29 Consist of direct discharges to the harbour by municipal sewage treatment plants at 

15,500 m3·h-1 and storm sewers and creeks at 12,600 m3·h-1 (LING, 1993) from 4.3 m3·s-1 

and 3.5 m3·s-1  
30 From (LING, 1993) 
31 Sediment porosity n = 0.915 (LING, 1993) averaged over the top 3 cm from Table 1 

(NRIAGU, 1983); fSV = (1-n) = 0.085.   
32 Optimized from PCB model calibration (LING, 1993).   
33 Represents pre-dredging era of harbour (NRIAGU, 1983).   
34 Figure 6 value representing industrial emissions, 0.883 kg·h-1 from Table 3 (LING, 1993).   
35 This value is applied instead of the 0.004 μg·m-3 indicated in Table 7, since it corresponds 

to the Table 3 atmospheric loading value of 0.037 kg·h-1 and is consistent with the resulting 



 

106 

 

Table B-4.  Hamilton Harbour thermocline properties 

Property Value 

Depth of harbour dLA m 1324 

Depth of epilimnion dE m 624 

Depth of hypolimnion dH m 724 

Depth of sediment dSE m 0.0324 

Density of SPM, lake ρw g·cm-3 2.4 

Concentration of inflow SPM, lake CPLL mg·L-1 1.1137 

Mass transfer coefficient: thermocline kHE m·h-1 0.438 

Volumetric rate water inflow, epilimnion QLEI m3·h-1 44,10039 

Volumetric rate water inflow, hypolimnion QLHI m3·h-1 73,50039 

Mass rate inflow lake-epilimnion ṁLEX g·h-1 52,00040 

Mass rate inflow lake-hypolimnion ṁLHX g·h-1 100,00040 

Mass rate inflow land-harbour ṁHX g·h-1 2,090,00041 

Mass rate outflow epilimnion-lake ṁHLY g·h-1 408,00041 

B.2.2 PROCESSES 

Table B-5 compares the Pb model transport parameters with those in the reported 

Table 6 (LING, 1993).  Although the atmospheric deposition rain DM, wet 

deposition DC and dry deposition DQ are not reported, the process rate formula and 

inputs are otherwise reported (LING, 1993), and are consistent with inputs35 and 

aquivalence reformulations.   

                                       
atmospheric deposition mass rate 320 kg·a-1 shown in Fig. 6 (LING, 1993) and confirmed in 

the recalculated model.   
36 As 1.93E-06 mol·m-3 from Table 7 (LING, 1993), Table 6 (MACKAY, 1989), Table 6 

(STRACHAN, 1988), Table 2 (STRACHAN, 1987) 
37 From Table 2 (BARICA, 1988) 
38 From (KLAPWIJK, 1985); the no-thermocline model variation is made by increasing kHE 

by a factor of 1000 to simulate turnover conditions in a well-mixed water column (LING, 

1993).   
39 Estimated from a dissolved solid/temperature model representing peak spring flowrate 

(KLAPWIJK, 1985).   
40 From (OME, 1992A) 
41 From (OME 1989, Remedial Action Plan for Hamilton Harbour, Environmental Conditions 

and Problem Definition, First Edition of Stage 1 Report) (LING, 1993) 
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Table B-5.  Hamilton Harbour transport parameters 

Property 
Volumetric rate (m3·h-1) 

Report Model 

Inflow water, land-harbour DI 2.81E+04 2.81E+04 

Outflow water, harbour-lake DJ 1.48E+05 1.48E+05 

Inflow water, lake-epilimnion DLEI 4.41E+04 4.41E+04 

Inflow water, lake-hypolimnion DLHI 7.35E+04 7.35E+04 

Inflow water, total DLI 1.18E+05 1.18E+05 

Diffusion, epilimnion/hypolimnion DEH 3.58E+05 3.58E+05 

Inflow particle, land-harbour DX 1.40E+06 1.40E+06 

Outflow particle, harbour-lake DY 2.73E+05 2.73E+05 

Flow particle, epilimnion-hypolimnion DEHP 3.59E+06 3.59E+06 

Flow particle, hypolimnion-epilimnion DHEP 4.86E+05 4.91E+05 

Inflow particle, lake-epilimnion DLEX 3.47E+04 3.47E+04 

Inflow particle, lake-hypolimnion DLHX 6.68E+04 6.68E+04 

Inflow particle, total lake-harbour DLX 1.02E+05 1.02E+05 

Rain DM NA 2.12E+03 

Deposition, wet particle DC NA 3.10E+05 

Deposition, dry particle DQ NA 8.49E-03 

Settling particle-sediment DD 3.59E+06 3.59E+06 

Resuspension sediment-particle DR 4.86E+05 4.86E+05 

Burial DB 1.30E+06 1.30E+06 

Volatilization DV 2.15E-05 9.07E-17 

Diffusion, water/sediment DT 8.60E+03 8.60E+03 

Degradation, epilimnion DWE 6.87E-12 NA 

Degradation, hypolimnion DWH 8.01E-12 NA 

Degradation, total harbour water DW 1.49E-11 NA 

Degradation, sediment DS 3.34E-10 NA 

B.3 OUTPUTS 

Table B-6 compares the Pb model aquivalence values with those in the reported 

Table 7 (LING, 1993).  Table B-7 compares the Pb model concentrations and 

amounts with those in the reported Table 8 (LING, 1993).   
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Table B-6.  Hamilton Harbour aquivalences 

Property 
Aquivalence (mol·m-3) 

Report Model 

Air concentration 1.93E-11 1.93E-11 

Air aquivalence 9.65E-09 1.52E-0742 

Lake Ontario concentration 1.93E-06 1.93E-06 

Lake Ontario aquivalence 1.11E-06 1.11E-06 

Thermocline, DEH = 3.58E+05 mol·m-3 

Epilimnion 1.51E-06 1.36E-06 

Hypolimnion 1.70E-06 1.60E-06 

Sediment 3.41E-06 3.21E-06 

No thermocline, DEH = 3.58E+08 mol·m-3, 𝔸H = 𝔸E 

Water column 1.67E-06 1.51E-06 

Sediment 3.35E-06 3.03E-06 

Table B-7.  Hamilton Harbour concentrations and amounts 

Property Report Model 

Thermocline, DEH = 3.58E+05 mol·m-3 

Concentration in epilimnion μg·m-3 2,400 2,163 

Concentration in hypolimnion μg·m-3 2,700 2,543 

Concentration in sediment μg·g-1 235 221 

Amount in epilimnion kg 340 279 

Amount in hypolimnion kg 407 383 

Amount in sediment kg 34,000 31,990 

Total kg 34,747 32,652 

No thermocline, DEH = 3.58E+08 mol·m-3, 𝔸H = 𝔸E 

Concentration in water μg·m-3 2,660 2,489 

Concentration in sediment μg·g-1 231 216 

Amount in water kg 744 696 

Amount in sediment kg 33,500 31,333 

Total kg 34,244 32,029 

Model process diagrams show process rates (kg·a-1), contributions as percentages 

to inflow, outflow and internal processes, and concentrations, according to the 

separate adjustments detailed in Table 3: 

• Figure B-2 base: thermocline, 𝔸H > 𝔸E 

                                       
42 See footnote 35.  Aquivalence 9.66E-07 mol·m-3 is calculated from air concentration 

0.004 μg·m-3.  Formula corrections account for the other differences in the table, but not 

this value.   
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• Figure B-3 case 1: no thermocline, 𝔸H = 𝔸E 

• Figure B-4 case 2: no thermocline, Kd alignment by particle resuspension flux 

FR increase 

• Figure B-5 case 3: no thermocline, Kd alignment by sediment burial flux FB 

increase 

• Figure B-6 case 4: no thermocline, Kd alignment by sediment-water diffusion 

coefficient kTW increase 

 

Figure B-2.  Harbour base: with thermocline 
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Figure B-3.  Harbour case 1: no thermocline 

 

Figure B-4.  Harbour case 2: no thermocline, FR increase 
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Figure B-5.  Harbour case 3: no thermocline, FB increase 

 

Figure B-6.  Harbour case 4: no thermocline, kTW increase 
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C Hamilton Harbour II 

C.1 INPUTS 

This was a reapplication of the two-layer QWASI aquivalence steady-state model 

described in Appendix B (LING, 1993) with updated inputs (DIAMOND, 1996).   

Table C-1 and Table C-2 are adapted from Table B-3 and Table B-4 (LING, 1993), 

except as indicated.  Distribution coefficients were calculated from measurements, 

for sediment Kd = 9.55E+04 L·kg-1 (OME, 1992A) and for SPM 

Kp = 1.10E+05 L·kg-1 (OME unpublished data)(DIAMOND, 1996).   

Table C-1.  Hamilton Harbour II properties 

Property Value 

Area of lake ALA m2 2.15E+07 

Area of sediment ASE m2 2.15E+07 

Density of SPM ρw g·cm-3 2 

Density of aerosol ρA g·cm-3 1.5 

Density of sediment ρS g·cm-3 2.64 

Concentration of water particulate CPL mg·L-1 5.6943 

Concentration of inflow particulate CPI mg·L-1 63.243 

Concentration of aerosol CPA μg·m-3 30 

Rate of rain vRA m·a-1 0.865 

Rate of dry aerosol deposition vAD m·h-1 7.2 

Rain scavenging ratio Wg - 200,000 

Mass transfer coefficient: sediment kT m·h-1 4E-04 

Volumetric rate of water inflow QI m3·h-1 2.81E+04 

Volumetric rate of water outflow QJ m3·h-1 1.48E+05 

Volume fraction of sediment particles fSV - 0.085 

Flux of particles, settling FS g·m-2·d-1 6.0 

Flux of particles, resuspension FR g·m-2·d-1 2.5 

Flux of particles, burial FB g·m-2·d-1 3.044 

Emissions to water EW kg·a-1 839545 

Concentration in air, aerosol COA μg·m-3 0.004 

Concentration in water inflow COI ng·L-1 400 

 

                                       
43 From (OME, 1992A) 
44 From section II.1.8 accumulation of 0.53 cm a-1 (OME, 1992A) gives 3.25 g·m-2·d-1 from 

ρS and fSV; represents 1100 g·m-2·a-1 (range 410-1590 g·m-2·a-1) (NRIAGU, 1983) 
45 Includes both industrial and municipal emissions (OME, 1992A) 
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Table C-2.  Hamilton Harbour II thermocline properties 

Property Value 

Depth of harbour dLA m 13 

Depth of epilimnion dE m 6 

Depth of hypolimnion dH m 7 

Depth of sediment dSE m 0.03 

Density of SPM, lake ρw g·cm-3 2.4 

Concentration of inflow particulate, lake CPLL mg·L-1 2.2646 

Mass transfer coefficient: thermocline kHE m·h-1 0.4 

Volumetric rate water inflow, epilimnion QLEI m3·h-1 44,100 

Volumetric rate water inflow, hypolimnion QLHI m3·h-1 73,500 

Mass rate inflow lake-epilimnion ṁLEX g·h-1 52,000 

Mass rate inflow lake-hypolimnion ṁLHX g·h-1 100,000 

Mass rate inflow land-harbour ṁHX g·h-1 1,775,00046 

Mass rate outflow epilimnion-lake ṁHLY g·h-1 666,66646 

C.2 OUTPUT 

Table C-3 compares the lead concentrations reported from observations and the 

original study model in Table 5 (DIAMOND, 1996) with those determined in the Pb 

model thermocline scenario.   

Table C-3.  Hamilton Harbour II concentrations in media 

Medium Observed47 Range47 Diamond Model 

epilimnion μg·L-1 2.8 2.5-3.3 2.8 2.5 

hypolimnion μg·L-1 3.0 2.5-3.7 3.4 3.4 

sediment μg·g-1 241 34-690 247 249 

                                       
46 From (OME, 1992A) 
47 From OME data and (MAYER, 1990) in Table 5 (DIAMOND, 1996); suspended particulate 

lead at six stations averaged for April and September at 1 m are 329 μg·g-1 and at depth 

are 285 μg·g-1, which at CPL=5.69 mg·L-1 are 1.87 μg·L-1 and 1.62 μg·L-1 (MAYER, 1990).   
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Reformulated model process diagrams show process rates (kg·a-1), contributions as 

percentages to inflow, outflow and internal processes, and concentrations, 

according to the separate adjustments detailed in Table 4: 

• Figure C-1 base: thermocline, 𝔸H > 𝔸E 

• Figure C-2 case 1: no thermocline, 𝔸H = 𝔸E 

• Figure C-3 case 2: no thermocline, Kd alignment by particle resuspension flux 

FR increase 

• Figure C-4 case 3: no thermocline, Kd alignment by sediment burial flux FR 

increase 

• Figure C-5 case 4: no thermocline, Kd alignment by upward sediment 

diffusion coefficient kTW increase 

 

Figure C-1.  Harbour II base: with thermocline 
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Figure C-2.  Harbour II case 1: no thermocline 

 

Figure C-3.  Harbour II case 2: no thermocline, FR increase 
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Figure C-4.  Harbour II case 3: no thermocline, FB increase 

 

Figure C-5.  Harbour II case 4: no thermocline, kTW increase
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D Lake Ontario Rate Constant Study 

D.1 INPUTS 

This was a case study of a rate constant model for assessment of Great Lakes toxic 

pollutants (MACKAY, 1994) applied to stable lead in Lake Ontario (THOMPSON, 

1999) using the Appendix A aquivalent model.  Table D-1 lists the lake inputs.   

Table D-1.  Lake Ontario Rate Constant Study properties 

Property Value 

Area of lake ALA m2 1.95E+1048 

Area of sediment ASE m2 1.17E+1048 

Density of SPM ρw g·cm-3 249 

Density of aerosol ρA g·cm-3 1.550 

Density of sediment ρS g·cm-3 248 

Concentration of water particulate CPL mg·L-1 448 

Concentration of inflow particulate CPI mg·L-1 2453 

Concentration of aerosol CPA μg·m-3 3050 

Rate of rain vRA m·a-1 0.8948 

Rate of dry aerosol deposition vAD m·h-1 7.251 

Rain scavenging ratio Wg - 180,00052 

Mass transfer coefficient: sediment kT m·h-1 1E-0452 

Volumetric rate of water inflow QI m3·h-1 2.93E+0753 

Volumetric rate of water outflow QJ m3·h-1 2.93E+0753 

Volume fraction of sediment particles fSV - 0.0848 

Flux of particles, settling FS g·m-2·d-1 1.2754 

Flux of particles, resuspension FR g·m-2·d-1 0.5554 

Flux of particles, burial FB g·m-2·d-1 0.7254 

Emissions to water EW kg·a-1 173,00055 

Concentration in air, aerosol COA μg·m-3 0.003756 

Concentration in water inflow COI ng·L-1 88857 

                                       
48 From (MACKAY, 1994) 
49 From (LING, 1993) 
50 From Appendix A (MACKAY, 1989) 
51 From (MACKAY, 1994); adjusted according to Footnote60 
52 From (THOMPSON, 1999); adjusted according to Footnote59 
53 Inferred from Table D-2 VLA/tLA 
54 Optimized parameter – see discussion 
55 From (THOMPSON, 1999); see Footnote60: 221,000-48,000 
56 From Table 3 (THOMPSON, 1999) citing (HOFF, 1996) 
57 Niagara River concentration as (228,000 kg·a-1)/QI

60 
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Inputs peculiar to the rate constant model are listed in Table D-2.   

Table D-2.  Lake Ontario Rate Constant Study supplemental properties 

Property   Value52 

Fraction on depositing particles in water fWP - 0.8 

Fraction dissolved in water fWD - 0.2 

Fraction dissolved in sediment (pore water) fN - 0.00053 

Water residence time tLA y 6.5 

Volume of lake VLA m3 1.67E+12 

Depth of sediment dSE m 0.01 

Definitions of mass concentration as C=m/V, (mass) fraction on depositing particles 

fWP and (mass) fraction dissolved in water fWD determine the particle distribution 

coefficient Kp by Equation A.34: 

  𝐶𝑂𝑃 =
𝑚𝑊𝑃.𝑃𝑏

𝑉𝑊
  

  𝐶𝑂𝑊 =
𝑚𝑊𝐷.𝑃𝑏

𝑉𝑊
  

  𝑓𝑊𝑃 =
𝑚𝑊𝑃.𝑃𝑏

𝑚𝑊.𝑃𝑏
  

  𝑓𝑊𝐷 =
𝑚𝑊𝐷.𝑃𝑏

𝑚𝑊.𝑃𝑏
  

  𝐾𝑝 =
𝐶𝑂𝑃

𝐶𝑂𝑊𝐶𝑃𝐿
=

𝑚𝑊𝑃.𝑃𝑏

𝑚𝑊𝐷.𝑃𝑏𝐶𝑃𝐿
=

𝑓𝑊𝑃

𝑓𝑊𝐷𝐶𝑃𝐿
 (D.1) 

The Table D-1 value for CPL and the Table D-2 values for fPW and fDW give: 

Kp = 1.00E+6 L·kg-1 

Definitions of volume fraction of sediment particles fSV, (mass) fraction dissolved in 

sediment fN, determine the sediment particle distribution coefficient Kd by 

Equation A.33: 

  𝑓𝑆𝑉 =
𝑉𝑆

𝑉𝑁+𝑉𝑆
  

  𝑉𝑆𝑆 = 𝑓𝑆𝑉(𝑉𝑁 + 𝑉𝑆) =
𝑓𝑆𝑉𝑉𝑁

1−𝑓𝑆𝑉
  

  𝑚𝑆 =
𝑓𝑆𝑉

1−𝑓𝑆𝑉

𝜌𝑆

𝜌𝑊
𝑚𝑊  

  𝑓𝑁 =
𝑚𝑊.𝑃𝑏

𝑚𝑆.𝑃𝑏+𝑚𝑊.𝑃𝑏
  

   𝑚𝑆.𝑃𝑏 =
1−𝑓𝑁

𝑓𝑁
𝑚𝑊.𝑃𝑏  

  𝐾𝑑 =
𝐶𝑆

𝐶𝑊
=

𝑚𝑆.𝑃𝑏/𝑚𝑆

𝑚𝑊.𝑃𝑏/𝑉𝑊
=
(1−𝑓𝑁)(1−𝑓𝑆𝑉)

𝑓𝑆𝑉𝑓𝑁𝜌𝑆
 (D.2) 
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The Table D-1 values for sediment particle density ρS and fSV and Table D-2 value 

for fOS give: 

Kd = 1.08E+4 L·kg-1 

D.2 OPTIMIZATION 

Description of the rate constant model (THOMPSON, 1999) did not include all input 

values listed for the aquivalence model case in Appendix A, specifically: 

• ρw density of SPM 

• ρA density of aerosol 

• CPI concentration of inflow particulate 

• CPA concentration of aerosol 

• FS flux of particles, settling 

• FR flux of particles, resuspension 

• FB flux of particles, burial 

The density and concentration of aerosol ρA and CPA are factors in only the process 

rate of rain qM, but no account of rain is made in the report (THOMPSON, 1999).  

By trial-and-error it was observed that the concentration of inflow particulate CPI 

has little bearing on concentrations and process rates.  Each of these values are 

assumed from the Appendix A original QWASI model (MACKAY, 1989).  Density of 

SPM was set ρw =2 g·cm-3 consistent with Appendix B Hamilton Harbour (LING, 

1993).   

Scaling factors (SOUTHWOOD, 1989)(MACKAY, 2001) enabled optimization of the 

flux values to the reported concentrations and process rates (THOMPSON, 1999).  

Initial values were assumed from Appendix C Hamilton Harbour II for settling, 

resuspension and deposition flux FS = 6.0 g·m-2·d-1, FR = 2.5 g·m-2·d-1 and 

FB = 3.0 g·m-2·d-1 (DIAMOND, 1996).  These were adjusted by trial-and-error, while 

monitoring the differences between the reported and model parameter values for 

total water, deposition, resuspension and burial process rates, and total water and 

sediment concentrations.  The flux values were selected to satisfy particle balance 

by Equation A.27.  Final flux values are indicated in Table D-3.   

D.3 OUTPUT 

Table D-3 lists the reported model process rates from Table 3 and Figure 3 

(THOMPSON, 1999) with reformulated target and model values.  Loss terms from 

the water column and sediment were accounted for by a reduction in emissions and 

an increase in burial flux.  Table D-4 summarizes the reported observed and model 

concentrations from Table 6 (THOMPSON, 1999) with reformulated values.  Table 

D-5 lists rate constants for the reported model which have been calculated for 
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processes based on either the water column or sediment (THOMPSON, 1999), and 

for the Pb model base scenario from both medium and total system inventory.   

Aquivalent model process diagrams show process rates, contributions as 

percentages to inflow, outflow and internal processes, and concentrations, 

according to the separate adjustments detailed in Table 5: 

• Figure D-1 base: optimized by particle flux adjustment 

• Figure D-2 case 1: Kd alignment by particle resuspension flux FR increase 

• Figure D-3 case 2: Kd alignment by sediment burial flux FB increase 

• Figure D-4 case 3: Kd alignment by sediment-water diffusion coefficient kTW 

increase 

Table D-3.  Lake Ontario Rate Constant Study process rates 

Process (kg·a-1) Report 
Model 

Target Base scenario 

Wet deposition  41,00056  41,000  11,55958 

Dry deposition  4,00056  4,000  4,55159 

Land sources  449,000  401,00060  401,000 

Outflow  148,000  148,000  146,667 

Deposition  598,000  598,000  619,214 

Resuspension  204,000  204,000  228,796 

Burial  458,000  394,00061  299,514 

Water column loss  48,000  0.60  0 

Sediment loss  64,000  0.61  0 

Table D-4.  Lake Ontario Rate Constant Study concentrations 

Medium 
Report Model - 

base Observed Best 95% CI Model 

Water62 ng·L-1 420-1250 500 230-1500 575 571 

sediment63 μg·g-1 2-850 NA 41-310 113 97 

                                       
58 As calculated, depending on rain scavenging ratio Wg, rate of rain vRA, lake area ALA and 

aerosol concentration CG; Wg was increased to 638,460 to adjust this value to 41,000 kg·a-1 
59 As calculated depending on deposition velocity vAD, lake area ALA and aerosol 

concentration CG; vAD was decreased to 6.33 m·h-1 to adjust this value to 4,000 kg·a-1 
60 449,000-48,000 kg·a-1 accounting for water column loss by reduction in emissions; the 

total comprises 221,000 kg·a-1 from emissions and 228,000 kg·a-1 from the Niagara River.   
61 458,000-64,000 kg·a-1 accounting for sediment loss by adjusting particle flux values so 

that burial is in excess according to Equation A.27, disregarding particle conservation.   
62 Data sources include (ROSSMANN, 1988).   
63 Data sources include (MUDROCH, 1992).   
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Table D-5.  Lake Ontario Rate Constant Study rate constants 

Process (a-1) Report 
Model - base 

Medium Total 

 Evaporation from water  2.04E-04  4.76E-26  2.96E-23 

 Outflow from lake  0.154  0.154  0.0528 

 Transformation in water  0  NA  NA 

  Water to sediment deposition  0.622  0.65  0.223 

  Water to sediment diffusion  0.00123  1.23E-03  4.21E-04 

 Water to sediment transport  0.623  0.651  0.223 

Total rate constant from water  0.778  0.803  0.276 

 Transformation in sediment  0  NA  NA 

 Burial from sediment  0.217  0.164  0.108 

  Sediment resuspension to water  0.0502  0.125  0.0824 

  Sediment to water diffusion  0.0462  0.0505  0.0331 

 Sediment to water transport  0.0964  0.176  0.166 

Total rate constant from sediment  0.313  0.34  0.223 

 

 

Figure D-1.  Rate Constant Study base scenario 
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Figure D-2.  Rate Constant Study case 1: FR increase 

 

 

Figure D-3.  Rate Constant Study case 2: FB increase 

 



 

123 

 

 

Figure D-4.  Rate Constant Study case 3: kTW increase 
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E Mississauga Basin 

E.1 INPUTS 

Table E-1 lists properties for the Mississauga Basin scenario; default values 

assumed from the Lake Ontario Rate Constant Study scenario (THOMPSON, 1999).   

Table E-1.  Mississauga Basin properties 

Property Value 

Area of lake ALA m2 1.95E+10 

Area of sediment ASE m2 1.95E+1064 

Density of SPM ρw g·cm-3 2 

Density of aerosol ρA g·cm-3 1.5 

Density of sediment ρS g·cm-3 2 

Concentration of water particulate CPL mg·L-1 1.5565 

Concentration of inflow particulate CPI mg·L-1 24 

Concentration of aerosol CPA μg·m-3 30 

Rate of rain vRA m·a-1 0.89 

Rate of dry aerosol deposition vAD m·h-1 7.2 

Rain scavenging ratio Wg - 180,000 

Mass transfer coefficient: sediment kT m·h-1 0.14666 

Volumetric rate of water inflow QI m3·h-1 2.93E+07 

Volumetric rate of water outflow QJ m3·h-1 2.93E+07 

Volume fraction of sediment particles fSV - 0.08 

Flux of particles, settling FS g·m-2·d-1 1.0067 

Flux of particles, resuspension FR g·m-2·d-1 0.7067 

Flux of particles, burial FB g·m-2·d-1 0.3067 

Emissions to water EW kg·a-1 068 

Concentration in air, aerosol COA μg·m-3 0.0012569 

Concentration in water inflow COI ng·L-1 888 

                                       
64 From Appendix A (MACKAY, 1989): 100% effective area in the Mississauga Basin 
65 From nepheloid layer average particulate metal concentration 384 ng·L-1 / particulate 

solid concentration 247 μg·g-1 in Table 5 (MUDROCH, 1992)(NRIAGU, 1981).   
66 Adjusted from initial 0.0004 m·h-1 (Appendix A) 
67 From Lake Ontario 403 (Mississauga Basin) average Apr-Nov of 2001, 2002 

measurements: FS at 174 m (0.97, 1.03), FB at 60 m (0.24, 0.36) in Table 1 (MARVIN, 

2007), assigning the difference to resuspension FR 
68 Adjusted from initial 173,000 kg·a-1 (Appendix D) 
69 Fit to formulated wet and dry deposition over ALA to result in 0.28 mg·m-2·a-1 measured 

for lead deposition at Plastic Lake, Dorset, ON using Equations A.15, A.17 and A.19 

(WATMOUGH, 2017) 
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Dimensional and loading characteristics assume the full extent of Lake Ontario.  The 

Pb model case was conceptually located at Station 403 (MARVIN, 2007), in the 

nepheloid zone several meters above 174 m depth during the summer.  Unless 

indicated otherwise, values were assumed from Appendix D Table D-1.   

Measurements of lead in rain at Point Petre, Ontario indicated 2400 μg·m-3 (HOFF, 

1996).  A recent study estimated that the deposition of atmospheric lead has 

decreased by a factor of 15 since 1978, and estimated that deposition is presently 

0.28 mg·m-2·a-1 measured for lead deposition at Plastic Lake, Dorset, Ontario 

(WATMOUGH, 2017).  Using Equations A.15, A.17 and A.19 and the parameters 

assumed in Table E-1, corresponding lead concentrations of 0.00125 μg·m-3 aerosol 

and of 226 μg·m-3 in rain were assumed.   

E.2 OPTIMIZATION 

Sediment trap measurements at the Mississauga Basin established the particle flux 

values (MARVIN, 2007).  In contrast, account of the lake-wide emission and inflow 

loading were uncertain in the middle of the lake at depth.   

A study of five Lake Ontario sediment cores showed concentrations at depths 

estimated to be deposited pre-1850 to be less than 30 μg·g-1 (KEMP, 1976), a 

result which was corroborated by another study in a literature survey citing a 

background range at 18-32 μg·g-1 (MUDROCH, 1988).  An alternate scenario 

representing historical conditions was fit to a sediment concentration of 25 μg·g-1.   

Table E-2 shows the target water, SPM and sediment lead concentrations for the 

base and alternate scenarios.  Both scenario variants were optimized by setting the 

emissions EW = 0, assuming elimination occurs by deposition close to source or by 

outflow and does not reach the Mississauga Basin.   

The other parameters adjusted to optimize the base scenario were: 

• QI/QJ inflow / outflow 

• kTS water-sediment diffusion coefficient 

The alternate scenario assumes the inflow and outflow QI = QJ found in the base 

scenario since the effective flow through the basin was assumed to be unchanged 

over time.  The other parameters adjusted to optimize the alternate scenario were: 

• kTW sediment-water diffusion coefficient 

• COI inflow concentration 
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Table E-2.  Mississauga Basin concentrations 

Phase 
Lead concentration 

observed base alternate 

Water, CW ng·L-1 1570 15 15 

SPM, CP ng·L-1 9071 90 90 

Sediment, CS μg·g-1 7572/2573 75 25 

E.3 OUTPUT 

Table E-3 shows the optimized parameters for the base and alternate scenarios.   

Table E-3.  Mississauga Basin optimization parameters 

Parameter 
Scenario 

target base alternate 

Emission, EW kg·a-1 173,000 0 0 

Inflow / outflow, QI / QJ m3·h-1 2.93E+07 1.83E+07 1.83E+07 

Water-sediment diff. coeff., kTS m·h-1 0.0004 0.0474 0.0004 

Sediment-water diff. coeff., kTW m·h-1 0.0004 0.0004 0.0924 

Inflow concentration, COI ng·L-1 888 888 842 

The Figure E-1 process diagram shows the base scenario process rates, 

contributions as percentages to inflow, outflow and internal processes, and 

concentrations are shown in Figure E-1 for the base scenario and in Figure E-2 for 

the alternate historical scenario.   

                                       
70 From Table 3, station LO-41 and LO-45 at depth: (14.7, 12.7 ng·L-1) (NRIAGU, 1996) 
71 From Table II, station Ont 403 May 2001 at 175 m (MARVIN, 2007) 
72 From Table 1 for Mississauga Basin ĈOS n=26 (MARVIN, 2003) 
73 From Table II at depth: 0.32 μg·g-1 (KEMP, 1976), Table 2 depositional basin background 

18-32 μg·g-1 (MUDROCH, 1988) 
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Figure E-1.  Mississauga Basin base scenario 

 

 

Figure E-2.  Mississauga Basin alternate scenario: historical 
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F Crystal Lake 

F.1 INPUT 

Table F-1 lists properties for Crystal Lake, WI,  Crystal Lake is at 46°3ʹN, 89°39ʹW 

(TALBOT, 1983).   

Table F-1.  Crystal Lake properties 

Property Value 

Depth of lake dLA m 10.474 

Depth of sediment dSE m 0.0575 

Area of lake ALA m2 3.10E+0574 

Area of sediment ASE m2 3.10E+0575 

Density of SPM ρw g·cm-3 2.476 

Density of aerosol ρA g·cm-3 1.576 

Density of sediment ρS g·cm-3 2.476 

Concentration of water particulate CPL mg·L-1 0.7577 

Concentration of inflow particulate CPI mg·L-1 NA74 

Concentration of aerosol CPA μg·m-3 1578 

Rate of rain vRA m·a-1 1.0079 

Volumetric rate of water inflow QI m3·h-1 1E-2080 

Volumetric rate of water outflow QJ m3·h-1 1E-2080 

Volume fraction of sediment particles fSV unitless 0.0881 

Flux of particles, settling FS g·m-2·d-1 fit 

Flux of particles, resuspension FR g·m-2·d-1 074 

Flux of particles, burial FB g·m-2·d-1 FS
82 

Table F-2 details the properties assumed for the Ra-226 model nuclides.  Where 

indicated, “fit” refers to a parameter adjusted during the optimization.   

                                       
74 From (TALBOT, 1984) 
75 Estimated as lake area 
76 From Table 2 (MACKAY, 1989) 
77 From annual average 0.5 mg·a-1 and summer peak 0.1 mg·a-1 (TALBOT, 1983) 
78 From p.2055 (TALBOT, 1984) 
79 Estimated as 31 in·a-1 for central Wisconsin 
80 Nominally low value for 0 from (THOMPSON, 1999) 
81 From (TALBOT, 1983) 
82 From FR and particle balance (A.27) 
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Table F-2.  Crystal Lake nuclide properties 

Property   Ra-226 Pb-210 Po-210 

Molar mass83 M g·mol-1 226 210 210 

Half-life83 tH y 1600 22.2 0.379 

Vapour pressure84 PV NA NA NA NA 

Chemical solubility84 S NA NA NA NA 

Rain scavenging ratio Wg - 7.94E+0585 6.36E+0586 1.11E+0586 

Deposition velocity87 vAD m/h 568 8.07 1.27 

MTC water-air84 kVA NA NA NA NA 

MTC air-water84 kVW NA NA NA NA 

MTC water-sediment kTS m/h fit fit fit 

MTC sediment-water kTW m/h fit fit fit 

F.2 OPTIMIZATION 

Table F-3 lists concentrations and Table F-4 lists processes for Crystal Lake.   

Table F-3.  Crystal Lake phase concentrations 

Phase Ra-226 Pb-210 Po-210 

Air, aerosol COA μg·m-3 2.00E-1188 1.29E-1089 9.98E-1390 

Rain COM μg/m-3 1.59E-0591 1.02E-0492 1.31E-0793 

Water94 COW ng·L-1 fit 2.02E-07 2.42E-09 

Water particles95 COP ng·L-1 0.00596·CW
96 4.67E-07 7.07E-09 

Sediment solids COS μg·g-1 fit fit fit 

                                       
83 From Chart of the Nuclides (NNDC, 2018) 
84 Volatilization processes are neglected (section3.1.2) 
85 From section F.2.1.1 
86 From section F.2.1.2 
87 From section F.2.2 
88 From Table 2 4.4 dpm·1E+5m-3 (MOORE, 1976) 
89 Weighted mean 9.9 fCi·m-3 from Pb-210 (range 6-17 fCi·m-3) (TALBOT, 1983) 
90 Weighted mean 4.5 fCi·m-3 from Po-210 (range <1-13 fCi·m-3) (TALBOT, 1983) 
91 From Table 2 0.035 dpm·L-1 (THOMAS, 2000) 
92 From 7.8 pCi·m-3, ranging 6-11 pCi·m-3 (TALBOT, 1983) 
93 From 0.59 pCi·m-3 for spring and fall; summer below detection limit, <0.01 pCi·m-3 

(TALBOT, 1984) 
94 From Table 1 average 1.55 pCi·100 L-1 Pb-210, 1.09 pCi·100 L-1 Po-210 (TALBOT, 1984) 
95 From Table 1 average 3.59 pCi·100 L-1 Pb-210, 3.19 pCi·100 L-1 Po-210 (TALBOT, 1984) 
96 From Table 6 Log10Kp=3.9 (CIFFROY, 2009), CPL=0.75 mg·L-1 (A.34) 
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Table F-4.  Crystal Lake process rates 

Process Ra-226 Pb-210 Po-210 

Dry deposition qCʹ mol·h-1 1.56E-1197 1.54E-1298 1.87E-1599 

Wet deposition qQʹ mol·h-1 1.87E-11100 1.38E-11101 1.87E-14101 

Sedimentation qD+qTS mol·h-1 no data 1.73E-11102 no data 

F.2.1 SCAVENGING RATIO 

The scavenging ratio Wg from can be optimized from rain concentration COM 

(section F.2.1.1) or wet deposition rate qM (section F.2.1.2), both of which rely on 

Table F-3 measurements of aerosol concentration COA.   

F.2.1.1 RAIN 

The scavenging ratio Wg was optimized for rain concentration from the expressions 

for air aquivalence 𝔸𝐴 (A.7), air aquivalence capacity ℤ𝐴𝑇 (A.3), rain concentration 

COM (A.11) and aerosol fraction (A.30): 

 𝐶𝑂𝑀 = 𝐶𝑂𝐴 (
𝜌𝐴ℤ𝑊
𝐶𝑃𝐴ℤ𝑄

+𝑊𝑔) (F.1) 

Values for ℤ𝑊 (10) and ℤ𝑄 (13), Table F-3 observed nuclide aerosol concentrations 

COA and rain concentrations COM, Table F-1 aerosol concentration CPA and assumed 

aerosol density ρA constrain Wg: 

 𝑊𝑔 =
𝐶𝑂𝑀
𝐶𝑂𝐴

−
𝜌𝐴ℤ𝑊
𝐶𝑃𝐴ℤ𝑄

 (F.2) 

The resulting scavenging ratios Wg were: 

• Ra-226, 7.94E+05 (Table F-2) 

• Pb-210, 7.87E+05 

• Po-210, 1.30E+05 

The values were dominated by the COM/COA term and were insensitive to the aerosol 

density ρA at the concentrations and assumed aerosol aquivalence capacity ℤ𝑄.  

Since the Po-210 measurement represents spring and fall measurements only, 

                                       
97 From Figure 4 at 50 km from open-pit U mine: 0.01 Bq·m-2·d-1 (PETTERSSON, 1991) 
98 From p.6758 0.07 pCi·cm-2·a-1 (Table 6 0.7 pCi·cm-2·a-1 is a typo, refer to Table 5) 

calculated with ALA=3.1E+5 m2 (TALBOT, 1983) 
99 From Table 6 0.005 pCi·cm-2·a-1 calculated with ALA=3.1E+5 m2 (TALBOT, 1983) 
100 From Table 4 0.012 Bq·m-2·d-1 (THOMAS, 2000) 
101 From Table 6 Pb-210: 0.63 pCi·cm-2·a-1, Po-210: 0.05 pCi·cm-2·a-1 calculated with 

ALA=3.1E+5 m3 (TALBOT, 1983) 
102 Calculated as 0.79 pCi·cm-2·a-1 from sediment core data (TALBOT, 1984) 
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accounting for summer concentrations at the detection limit Table F-393, assuming 

40% of the annual precipitation falling in summer would result in a Wg for Po-210 

higher by at least a factor of 1.5 at 1.9E+05.  This would be mitigated to some 

extent by the Po-210 aerosol measurements COA, some of which were below the 

detection limit.   

F.2.1.2 WET DEPOSITION 

As an alternative to the section F.2.1.1 determination from rain concentration, the 

scavenging ratio Wg can be optimized for wet deposition from the expressions for 

air aquivalence 𝔸𝐴 (A.7), air aquivalence capacity ℤ𝐴𝑇 (A.3), Table A-2 process rate 

qC (A.19) and transport parameter DC (A.20), and aerosol fraction (A.30):  

 𝑞𝐶 = 𝐶𝑂𝐴𝑊𝑔𝑣𝑅𝐴𝐴𝐿𝐴 (F.3) 

The Table F-3 values for observed nuclide aerosol concentrations COA, Table F-1 

rate of rain VRA and lake area ALA, and Table F-4 wet deposition rate qC′ constrain 

Wg: 

 𝑊𝑔 =
𝑞𝐶′

𝐶𝑂𝐴𝑣𝑅𝐴𝐴𝐿𝐴
 (F.4) 

The resulting scavenging ratios Wg were103: 

• Ra-226, 5.97E+06 

• Pb-210, 6.36E+05 (Table F-2) 

• Po-210, 1.11E+05 (Table F-2) 

F.2.2 DEPOSITION VELOCITY 

The dry deposition velocity vAD was optimized from the expressions for air 

aquivalence 𝔸𝐴 (A.7), air aquivalence capacity ℤ𝐴𝑇 (A.3), and Table A-2 process rate 

qD (A.22) and transport parameter DD (A.23): 

 𝑞𝑄 = 𝐶𝐴𝑣𝐴𝐷𝐴𝐿𝐴 (F.5) 

The Table F-3 values for observed nuclide aerosol concentrations COA, Table F-1 

lake area ALA, and Table F-4 dry deposition rate qDʹ constrain vAD: 

 𝑣𝐴𝐷 =
𝑞𝑄′

𝐶𝑂𝐴𝐴𝐿𝐴
 (F.6) 

Table F-2 shows the resulting values.   

                                       
103 The Ra-226 value is derived from wet deposition measured 5 km from a uranium mill100 

(THOMAS, 2000) and may overestimate background scavenging 
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F.3 PROCEDURE 

The parameters adjusted to optimize the scenario were: 

• FS flux of settling particles (Table F-1) 

• kTW diffusion coefficients, sediment-water (Table F-2) 

• kTS diffusion coefficients, water-sediment (Table F-2) 

• EW emission 

• COW Ra-226 concentration in water (Table F-3) 

• COS concentrations of sediment solids (Table F-3) 

The observed sediment concentrations COS of Ra-226, Pb-210 and Po-210 (COS1, 

COS2 and COS3) were adjusted at each step of the optimization to set CS/COS = 1.   

Table F-5 details the optimization process: 

• Step 1: setting the contribution of Ra-226 decay to Pb-210 water column 

inputs qλW1/qIN2 = 3% (TALBOT, 1984) and Ra-226 CW1/COW1 = 1 by 

adjusting: 

o FS flux of settling particles 

• Step 2: setting the Pb-210 sedimentation (qD1+qTS1) = 1.73e-11 mol·h-1 

(Table F-4) and Pb-210 CW2/COW2 = 1 by adjusting: 

o kTS2 Pb-210 diffusion coefficient, water-sediment 

o EW2 Pb-210 emission to water 

• Step 3: setting Po-210 CW3/COW3 = 1 by adjusting: 

o kTW3 Po-210 diffusion coefficient, sediment-water 

Table F-6 contains a key to the optimization table shading.   
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Table F-5.  Crystal Lake optimization 

parameter nuclide units target initial step 1 step 2 step 3 

FS all g·m-2·d-1 NA 0 0.0578 0.0578 0.0578 

kTS Pb-210 m·h-1 NA 1.00E-10 1.00E-10 5.03E-02 5.03E-02 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 1.00E-10 1.83E-03 

EW Pb-210 kg·a-1 NA 1.00E-18 1.00E-18 2.61E-09 2.61E-09 

COW Ra-226 ng·L-1 NA 1.00E-03 6.72E-04 6.72E-04 6.72E-04 

COS Ra-226 μg·g-1 NA 1.00E-09 4.46E-06 4.46E-06 4.46E-06 

COS Pb-210 μg·g-1 NA 1.00E-09 3.43E-07 3.71E-07 3.71E-07 

COS Po-210 μg·g-1 NA 1.00E-12 5.87E-09 6.35E-09 6.35E-09 

nλW1/nIN2 Ra-226 % 3% 54.03% 3.00% 3.00% 3.00% 

CW/COW Ra-226 unitless 1.00E+00 2.55E+01 1.00E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 3.86E+00 1.00E+00 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 9.14E+02 7.05E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 9.81E-01 9.99E-01 1.00E+00 9.99E-01 

CW/COW Po-210 unitless 1.00E+00 1.10E+03 4.35E+00 8.98E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.67E+01 1.00E+00 1.00E+00 1.00E+00 

qD+qTS Pb-210 mol·h-1 1.73E-11 3.51E-14 1.56E-11 1.73E-11 1.73E-11 

Table F-6.  Optimization key 

 adjusted at this step 

 set to target at this step 

 out of target range / different than target value 
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G Bickford Pond 

G.1 INPUT 

Table G-1 lists properties for Bickford Pond, MA.  Bickford Pond is at 42°29ʹN, 

71°56ʹW (BENOIT, 1987).   

Table G-1.  Bickford Pond properties 

Property Value 

Depth of lake dLA m 5.7104 

Depth of sediment dSE m 0.05105 

Area of lake ALA m2 6.0E+05104 

Area of sediment ASE m2 6.0E+05104 

Density of SPM ρw g·cm-3 2.4106 

Density of aerosol ρA g·cm-3 1.5106 

Density of sediment ρS g·cm-3 2.4106 

Concentration of water particulate CPL mg·L-1 0.75107 

Concentration of inflow particulate CPI mg·L-1 0.75107 

Concentration of aerosol CPA μg·m-3 15108 

Rate of rain vRA m·a-1 1.21104 

Volumetric rate of water inflow QI m3·h-1 1563109 

Volumetric rate of water outflow QJ m3·h-1 1646110 

Volume fraction of sediment particles fSV unitless 0.08111 

Flux of particles, settling FS g·m-2·d-1 fit 

Flux of particles, resuspension FR g·m-2·d-1 0104 

Flux of particles, burial FB g·m-2·d-1 FS
112

 

Table G-2 lists the unique nuclide properties assumed for Bickford Pond.  Other 

default values are listed in Table F-2.  Where indicated, “fit” refers to a parameter 

adjusted during the optimization.   

                                       
104 From (BENOIT, 1987) 
105 Estimated as lake area 
106 From Table 2 (MACKAY, 1989) 
107 Estimated from Figure 10 isopleths (BENOIT, 1990) 
108 From p.6755 (TALBOT, 1983) 
109 From 1.37E+07 m3 a-1 runoff (BENOIT, 1987) 
110 From 1.37E+07 m3 a-1 runoff and rainfall vRA = 1.21 m a-1, lake area ALA = 6E+5 m2 

(BENOIT, 1987) 
111 From (THOMPSON, 1999) 
112 From FR and particle balance (A.27) 
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Table G-2.  Bickford Pond nuclide properties 

Property Ra-226 Pb-210 Po-210 

Rain scavenging ratio Wg - 7.94E+05113 2.26E+05114 1.82E+04113 

Deposition velocity115 vAD m·h-1 568 4.52 5.01 

MTC water-sediment kTS m·h-1 fit fit fit 

MTC sediment-water kTW m·h-1 fit fit fit 

G.2 OPTIMIZATION 

Table G-3 lists concentrations and Table G-4 lists processes for Bickford Pond.   

Table G-3.  Bickford Pond phase concentrations 

Phase Ra-226 Pb-210 Po-210 

Air, aerosol116 COA μg·m-3 2.00E-11 1.29E-10 9.98E-13 

Water inflow COI ng·L-1 4.55E-06117 6.99E-07118 1.34E-08118 

Rain COM μg/m-3 1.59E-05119 2.82E-05120 1.92E-08121 

Water COW ng·L-1 4.53E-06122 2.42E-07123 3.76E-09124 

Water particles COP ng·L-1 2.70E-08122 5.15E-07125 4.24E-09126 

Total water COWP ng·L-1 4.55E-06117 7.57E-07 7.99E-09 

Sediment solids COS μg·g-1 fit fit fit 

 

                                       
113 From section G.2.1.1 
114 From section G.2.1.2 
115 From section G.2.2 
116 From Crystal Lake (Table F-3) 
117 From p.1451 <1 dpm 100kg-1 (BENOIT, 1987) 
118 From dissolved + particulate, average of Provencial & W.Wachusett Brook: Table 1 

Pb-210: 11.9 dpm 100kg-1, Table 2 Po-210: 13.4 dpm 100kg-1 (BENOIT, 1987) 
119 From Table 2 0.035±0.020 dpm·L-1 (n=17) (MOORE, 1976) 
120 From p.1446 measured 480 dpm 100kg-1 (range 180-890 dpm 100kg-1) (BENOIT, 1987) 
121 From p.1446 as 4% of the Pb-210 concentration (BENOIT, 1987) 
122 From Table 6 Log10Kp=3.9 (CIFFROY, 2009), CPL=0.75 mg·L-1 & note 117 using (A.34) 
123 From p.1225 32% of average <10 m depth 12.9±3.1 dpm 100kg-1 (BENOIT, 1990) 
124 From p.1226 47% of average <10 m depth 8.0±2.2 dpm 100kg-1 (BENOIT, 1990) 
125 From p.1225 68% of average <10 m depth 12.9±3.1 dpm 100kg-1 (BENOIT, 1990) 
126 From p.1226 53% of average <10 m depth 8.0±2.2 dpm 100kg-1 (BENOIT, 1990) 
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Table G-4.  Bickford Pond process rates 

Process Ra-226 Pb-210 Po-210 

Dry deposition qC′ mol·h-1 3.02E-11127 1.67E-12128 1.43E-14127 

Wet deposition qQ′ mol·h-1 no data 1.11E-11129 no data 

Sedimentation qD′ mol·h-1 no data 3.16E-11130 no data 

G.2.1 SCAVENGING RATIO 

G.2.1.1 RAIN 

The scavenging ratio Wg was calculated following Appendix F (F.2) with the values 

for ℤ𝑊 (10) and ℤ𝑄 (13), Table G-3 observed nuclide aerosol concentrations COA and 

rain concentrations COM, Table G-1 aerosol concentration CPA and assumed aerosol 

density ρA: 

• Ra-226, 7.94E+05 (Table G-2) 

• Pb-210, 2.17E+05 

• Po-210, 1.82E+04 (Table G-2) 

G.2.1.2 WET DEPOSITION 

The scavenging ratio Wg was calculated following Appendix F (F.4) with Table G-1 

rate of rain VRA and lake area ALA, and Table G-4 wet deposition rate qC′: 

• Pb-210, 2.26E+05 (Table G-2) 

G.2.2 DEPOSITION VELOCITY 

The deposition velocity vAD was calculated following Appendix F (F.6) with the Table 

G-3 values for observed nuclide aerosol concentrations COA, Table G-1 lake area ALA, 

and Table G-4 dry deposition rates qDʹ.  Table G-2 shows the resulting values.   

G.3 PROCEDURE 

The parameters adjusted to optimize the scenario were: 

• FS flux of settling particles (Table G-1) 

• kTS diffusion coefficients, water-sediment (Table G-2) 

                                       
127 From Figure 4 at 50 km from open-pit U mine, Ra-226: 0.02 Bq·m-2·d-1, Po-210: 

0.01 Bq·m-2·d-1 (PETTERSSON, 1991) with Table G-1 ALA=6E+5 m3 
128 From p.1446 15% (10-20%) of wet deposition129 (BENOIT, 1987) 
129 From p.1446 0.58 dpm·cm-2·a-1 (BENOIT, 1987) 
130 From Table III 11.2 m average: 1.65 dpm·cm-2·a-1 (BENOIT, 1990) 
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• kTW diffusion coefficients, sediment-water (Table G-2) 

• EW emission to water 

• COS observed concentrations of sediment solids (Table G-3) 

The observed sediment concentrations COS of Ra-226, Pb-210 and Po-210 (COS1, 

COS2, and COS3) were adjusted at each step of the optimization to set CS/COS = 1.   

Table G-5 details the optimization process: 

• Step 1: setting the Pb-210 settling flux qD1 = 7.69E-11 mol·h-1, Ra-226 

CW1/COW1 = 1, and Pb-210 CW2/COW2 = 1 by adjusting: 

o FS flux of settling particles 

o kTS1 Ra-226 diffusion coefficient, water-sediment 

o EW2 Pb-210 diffusion coefficient, sediment-water 

• Step 2: Po-210 CW3/COW3 = 1 by adjusting: 

o kTW3 Po-210 diffusion coefficient, sediment-water 

Table F-6 contains a key to the optimization table shading.   

Table G-5.  Bickford Pond optimization 

parameter nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 NA 1.00E-06 0.3850 0.3850 

kTS Ra-226 m·h-1 NA 1.00E-10 2.85E-03 2.85E-03 

EW Pb-210 m·h-1 NA 1.00E-18 3.55E-08 3.55E-08 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 1.66E-02 

COS Ra-226 μg·g-1 NA 1.00E-13 8.15E-07 8.15E-07 

COS Pb-210 μg·g-1 NA 1.00E-15 2.27E-07 2.27E-07 

COS Po-210 μg·g-1 NA 1.00E-17 3.85E-09 2.85E-09 

CW/COW Ra-226 unitless 1.00E+00 2.08E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 3.76E-01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 3.06E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 2.30E+00 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 2.91E+00 4.89E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 2.54E+00  1.00E+00 1.00E+00 

qD Pb-210 mol·h-1 3.16E-11 2.50E-16 3.16E-11 3.16E-11 
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H Clinton River 

H.1 INPUT 

Table H-1 lists properties for the Clinton River, MI.  The Clinton River empties into 

Lake St. Clair at 42°35ʹN, 82°48ʹW (MUDBIDRE, 2014).   

Table H-1.  Clinton River properties 

Property Value 

Depth of lake m dLA 1.0131 

Depth of sediment m dSE 0.05132 

Area of lake m2 ALA 3.0E+05133 

Area of sediment m2 ASE 3.0E+05133 

Density of SPM g·cm-3 ρw 2.4134 

Density of aerosol g·cm-3 ρA 1.5134 

Density of sediment g·cm-3 ρS 2.4134 

Concentration of water particulate mg·L-1 CPL 8.9135 

Concentration of inflow particulate mg·L-1 CPI 9.0136 

Concentration of aerosol μg·m-3 CPA 15137 

Rate of rain m·a-1 vRA 1.0138 

Volumetric rate of water inflow m3·h-1 QI 5.97E+04139 

Volumetric rate of water outflow m3·h-1 QJ 5.97E+04139 

Volume fraction of sediment particles unitless fSV 0.08140 

Flux of particles, settling g·m-2·d-1 FS 3.6141 

Flux of particles, resuspension g·m-2·d-1 FR 0 

Flux of particles, burial g·m-2·d-1 FB FS
142 

Table H-2 lists the unique nuclide properties assumed for Clinton River.  Other 

default values are listed in Table F-2.   

                                       
131 Estimated; from p.376 the average depth of Lake St. Clair is 3.6 m (MUDBIDRE, 2014) 
132 Estimated from lake area 
133 Estimated from Figure 1 10 km between CR5 & CR3 (MUDBIDRE, 2014), 30 m width 
134 From Table 2 (MACKAY, 1989) 
135 From p.378 geometric mean, range 4.2-15.2 mg·L-1 , n=16 (MUDBIDRE, 2014) 
136 From Table 2 average of upstream Stn. 5 (among Stns. 3, 4, 5) (MUDBIDRE, 2014) 
137 From p.6755 (TALBOT, 1983) 
138 From 31 in·a-1 precipitation at Detroit, MI http://www.usclimatedata.com 
139 From p.2 mean of discharge, Mt Clemens MI, 1934-2013 586 ft3·s-1 (USGS, 2013) 
140 From (THOMPSON, 1999) 
141 Estimated from 10% of the SPM increase from first to last station: 0.1·QI·CʹPL/ALA, where 

CʹPL is Table 2 average SPM (Stn.3 – Stn.6): (14.1-6.5) mg·L-1 (MUDBIDRE, 2014) 
142 From FR and particle balance (A.27) 

http://www.usclimatedata.com/climate/detroit/michigan/united-states/usmi0229
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Table H-2.  Clinton River nuclide properties 

Property Ra-226 Pb-210 Po-210 

Rain scavenging ratio Wg - 7.94E+05143 2.26E+05144 1.82E+04145 

Deposition velocity146 vAD m·h-1 568 4.52 5.01 

MTC water-sediment kTS m·h-1 fit fit fit 

MTC sediment-water kTW m·h-1 fit fit fit 

H.2 OPTIMIZATION 

Table H-3 lists concentrations assumed for Clinton River.   

Table H-3.  Clinton River phase concentrations 

Phase Ra-226 Pb-210 Po-210 

Air, aerosol COA μg·m-3 2.00E-11147 1.76E-10148 3.00E-13148 

Water inflow COI ng·L-1 1.37E-05149 1.44-06150 1.44E-08150 

Rain COM μg·m-3 1.59E-05151 2.64E-05152 1.86E-07152 

Water COW ng·L-1 1.30E-05153 2.78E-06154 2.88E-08154 

Water particles COP ng·L-1 6.71E-07153 9.16E-07155 1.68E-08155 

Total water COWP ng·L-1 1.37E-05149 3.70E-06 4.56E-08 

Sediment solids COS μg·g-1 fit fit fit 

 

                                       
143 From section F.2.1.1 as Crystal Lake (Table F-2) and section G.2.1.1 as Bickford Pond 

(Table G-2) 
144 From section G.2.1.1 as Bickford Pond (Table G-2) 
145 From section G.2.1.2 as Bickford Pond (Table G-2) 
146 From section G.2.2 as Bickford Pond (Table G-2) 
147 From Table 2 4.4 dpm·1E+5m-3 (MOORE, 1976) 
148 Initial from Table 14 Pb-210: 500 μg·m-3, Po-210: 50 μg·m-3 (UNSCEAR, 2000) 
149 From App. B Table 15 drinking water reference value 0.5 mBq·kg-1 (UNSCEAR, 2000) 
150 From Table 2 average (bulk-dissolved)+(dissolved) at Stn. 6; Pb-210:0.41 Bq·100L-1 

Po-210:0.24 Bq·100L-1 (MUDBIDRE, 2014) 
151 From Table 2 0.035±0.020 dpm·L-1 (n=17) (MOORE, 1976) 
152 From Table 1 Pb-210: 0.075 Bq·L-1, Po-210: 0.031 Bq·L-1 (THOMAS, 2000) 
153 From Table 6 Log10Kp=3.9 (CIFFROY, 2009), CPL=14.1 mg·L-1 (A.34), Note 149 
154 From Table 2 average (dissolved) at Stn. 3; Pb-210:0.79 Bq·100L-1 Po-210:0.48 Bq·100L-

1 (MUDBIDRE, 2014) 
155 From Table 2 average (particulate) at Stn. 3; Pb-210:0.26 Bq·100L-1 Po-

210:0.28 Bq·100L-1 (MUDBIDRE, 2014) 
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H.3 PROCEDURE 

The parameters adjusted to optimize the scenario were: 

• EW emission to water 

• COS observed concentrations of sediment solids Table H-3 

The observed sediment concentrations COS of Ra-226, Pb-210 and Po-210 (COS1, 

COS2 and COS3) were adjusted at each step of the optimization to set CS/COS = 1.   

Table H-4 details the optimization process: 

• Step 1: setting the Ra-226 CW1/COW1 = 1 by adjusting: 

o EW1 Ra-226 emission to water 

• Step 2: setting the Pb-210 CW2/COW2 = 1 by adjusting: 

o EW2 Pb-210 emission to water 

• Step 3: setting the Po-210 CW3/COW3 = 1 by adjusting: 

o EW3 Po-210 emission to water 

Table F-6 contains a key to the optimization table shading.   

Table H-4.  Clinton River optimization 

par. nuclide units target initial step 1 step 2 step 3 

EW Ra-226 kg·a-1 NA 1.00E-18 1.05E-10 1.05E-10 1.05E-10 

EW Pb-210 kg·a-1 NA 1.00E-18 1.00E-18 1.19E-06 1.19E-06 

EW Po-210 kg·a-1 NA 1.00E-18 1.00E-18 1.00E-18 1.68E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 9.68E-08 9.68E-08 9.68E-08 

COS Pb-210 μg·g-1 NA 1.00E-09 2.09E-08 5.29E-08 5.29E-08 

COS Po-210 μg·g-1 NA 1.00E-10 3.57E-10 8.63E-10 9.20E-10 

Kd low Ra-226 L·kg-1 NA 8.14E+02 7.88E+03 7.88E+03 7.88E+03 

Kd low Pb-210 L·kg-1 NA 3.59E+02 7.51E+03 1.90E+04 1.90E+04 

Kd low Po-210 L·kg-1 NA 3.48E+03 1.24E+04 3.00E+04 3.20E+04 

CW/COW Ra-226 unitless 1.00E+00 9.99E-01 1.00E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 9.72E+00 1.00E+00 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 3.93E-01 3.93E-01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 2.09E+01 1.00E+00 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 3.10E-01 3.10E-01 3.11E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 3.61E+00 1.00E+00 1.00E+00 1.00E+00 
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I Laurentian Lakes 

I.1 INPUT 

Table I-1 lists common properties for the Laurentian lakes.  Table I-2 lists individual 

lake properties (from Table 1) (CORNETT, 1984).   

Table I-1.  Laurentian lake properties 

Property Value 

Depth of lake dLA m Table I-2 

Depth of sediment dSE m 0.03156 

Area of lake ALA m2 Table I-2 

Area of sediment ASE m2 Table I-2 

Density of SPM ρw g·cm-3 2.4157 

Density of aerosol ρA g·cm-3 1.5157 

Density of sediment ρS g·cm-3 2.4157 

Concentration of water particulate CPL mg·L-1 Table I-2158 

Concentration of inflow particulate CPI mg·L-1 Table I-2158 

Concentration of aerosol CPA μg·m-3 15159 

Rate of rain vRA m·a-1 0.86160 

Volumetric rate of water inflow QI m3·h-1 Table I-3 

Volumetric rate of water outflow QJ m3·h-1 Table I-3 

Volume fraction of sediment particles fSV unitless 0.08161 

Flux of particles, settling FS g·m-2·d-1 Table I-3 

Flux of particles, resuspension FR g·m-2·d-1 0 

Flux of particles, burial FB g·m-2·d-1 FS
162 

 

                                       
156 From p.99 sediment cores were up to 30 cm in length (CORNETT, 1984) 
157 From Table 2 (MACKAY, 1989) 
158 From Table 1 (CORNETT, 1984) as particulate organic carbon (Table I-2) 
159 From p.6755 (TALBOT, 1983) 
160 From Chalk River Stn 1981-2010 http://climate.weather.gc.ca/climate_normals/ 
161 From (THOMPSON, 1999) 
162 From FR and particle balance (A.27) 

http://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnName&txtStationName=Chalk+River+AECL&searchMethod=contains&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=4243&dispBack=1
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Table I-2.  Laurentian lake limnological properties 

Lake 
Drainage 

area 

Lake, 
sediment 

area 

Average 

depth 

Dissolved 
organic 

carbon 

Particulate 
organic 

carbon 

 Ad ALA = ASE dLA  CPL= CPI 

 ha ha m mg·L-1 mg·L-1 

Currie 66 23 8.5 3.4 0.47 

McSourley 389 26163 19.4 4.4 0.36 

Petznick 424 57 4.3 13.7 0.98 

Lower Bass 47 6.3 3.8 5.6 0.72 

Perch 584 45 2.0 11.5 0.77 

Upper Bass 285 4.7 4.0 11.6 0.94 

Otterson 9075 33 3.1 8.6 0.30 

Table I-3 lists the outflow rate QJ, which was estimated (CORNETT, 1984): 

 𝑄𝐽 = 𝑣𝑅𝐴𝑑 + 𝑣𝑁𝐴𝐿𝐴 (I.1) 

from Perch Lake measurements164 consistent with previously reported results 

(BARRY, 1975): 

• vR 0.30 m·a-1 catchment runoff 

• vN 0.09 m·a-1 net precipitation (minus evaporation) 

Table I-3 lists the inflow rate QI, which is the catchment portion of Equation I.1: 

 𝑄𝐼 = 𝑣𝑅𝐴𝑑 (I.2) 

Table I-3 lists the hydrological properties calculated from Table I-2, using 

Equation I.1 for the flowrate QI.   

In the original study, watershed Pb-210 flux to each lake, IC, was assumed 

(Table 4) as a fraction of watershed deposition on the basis of studies of the 

Susquehanna River (LEWIS, 1977) and the Connecticut River (BENNINGER, 1978) 

(CORNETT, 1984), which was shown to have been calculated by assuming the 

fraction fC = 1.27% for: 

 𝐼𝐶 =
𝐴𝑑
𝐴𝐿𝐴

𝑓𝐶 ∙ 𝒥𝐴 (I.3) 

where 𝒥A is the average of atmospheric deposition fluxes, 132 Bq·m-2·a-1 and 

139 Bq·m-2·a-1, measured from the two study sites of soil samples (CORNETT, 

                                       
163 From p.100 for McSourley Lake, ASE=0.9ALA=23.4 ha (CORNETT, 1984) 
164 Robertson, E., & Barry, P. J. (1984). A summary of the water and energy balances at 

Perch Lake over an eleven-year period (Rep. No. AECL-8189). Chalk River, ON: Atomic 

Energy of Canada Ltd. 
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1984).  The total Pb-210 flux to each lake was assumed (Table 4) as (CORNETT, 

1984): 

 𝐼𝑇 = 𝒥𝐴 + 𝐼𝐶 (I.4) 

The fraction of total annual Pb-210 input retained in the sediments, ℛ, is defined 

as: 

 ℛ =
𝓀

𝓀 + 𝓇
 (I.5) 

Where 𝓀 is the rate constant for Pb-210 sedimentation and 𝓇 is the hydraulic rate 

constant given in Table I-3 (Table 1) (CORNETT, 1984).  It was demonstrated that 

the lake values of ℛ correspond as: 

 ℛ =
𝒥𝑆
𝐼𝑇

 (I.6) 

where 𝒥S are the fluxes to sediment calculated from sediment samples of the study 

lakes (Table 3, Table 4) (CORNETT, 1984).  The apparent settling velocity, vS 

(Table 4) (CORNETT, 1984), was shown to follow from a definition as: 

 𝑣𝑆 =
𝑉𝐿𝐴 ∙ 𝓀

𝐴𝐿𝐴
 (I.7) 

using VLA = ALA·dLA, 𝓇 = Q/V and Equation I.5: 

 𝑣𝑆 =
ℛ ∙ 𝑄

(1 − ℛ)𝐴𝐿𝐴
 (I.8) 

Table I-3 lists the settling flux FS determined from Equation I.8 and Table I-2 CPL as: 

 𝐹𝑆 = 𝑣𝑆𝐶𝑃𝐿 (I.9) 

Table I-4 lists the nuclide properties assumed for Laurentian lakes.  Other default 

values are listed in Table F-2.   
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Table I-3.  Laurentian lake hydrological properties 

Lake 

Inflow 

rate165 

Outflow 

rate 
Volume166 

Hydrologic 

rate167 

Settling 

flux168 

QI QJ VLA 𝓇 FS 

m3·a-1 m3·a-1 m3 a-1 g·m-2·d-1 

Currie 2.19E+05 1.98E+05 1.96E+06 0.112 0.00482 

McSourley 1.19E+06 1.17E+06 5.04E+06 0.236 0.00482 

Petznick 1.32E+06 1.27E+06 2.45E+06 0.540 0.00458 

Lower Bass 1.47E+05 1.41E+05 2.39E+05 0.613 0.00279 

Perch 1.79E+06 1.75E+06 9.00E+05 1.99 0.00530 

Upper Bass 8.59E+05 8.55E+05 1.88E+05 4.57 0.01369 

Otterson 2.73E+07 2.72E+07 1.02E+06 26.6 0.01394 

Table I-4.  Laurentian lake nuclide properties 

Property Ra-226 Pb-210 Po-210 

Rain scavenging ratio Wg - 7.94E+05169 3.06E+05170 1.82E+04171 

Deposition velocity vAD m·h-1 568172 4.49170 5.01172 

MTC water-sediment kTS m·h-1 fit173 fit fit 

MTC sediment-water kTW m·h-1 fit173 fit fit 

I.2 OPTIMIZATION 

The net average flux of Pb-210 from the atmosphere to soils was measured in 

samples from two locations central to the Laurentian lakes at𝒥A = 136±16 Bq·m-2·a-1 

(CORNETT, 1984).  Measurements of airborne Pb-210 at Ottawa reported weekly 

from 2009-2016 indicated a concentration of COA = 0.45±0.19 mBq·m-3 (RPB, 

2017).   

The atmospheric deposition flux consists of the lake unit surface area process rates 

for rain qM, dry deposition qQ and wet deposition qC, which are expressed in the 

input variables from the definitions in Table A-2 for the process rates 

(A.15)(A.17)(A.19) and transport parameters D (A.16)(A.18)(A.20), in Table A-3 for 

                                       
165 From Equation I.1 
166 From Table I-2 ALA·dLA 

167 From Table 1 (CORNETT, 1984) as QJ / V 
168 Initial values, then ‘fit’ or adjusted upwards during optimization 
169 From section F.2.1.1 as Crystal Lake (Table F-2) and section G.2.1.1 as Bickford Pond 

(Table G-2) 
170 From section I.2 
171 From section G.2.1.2 as Bickford Pond (Table G-2) 
172 From section G.2.2 as Bickford Pond (Table G-2) 
173 Values for neither Ra-226 diffusion coefficient kTS1 or kTW1 were required for optimization 
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the volumetric rates Q (A.15)(A.17)(A.19), and from the air aquivalence 𝔸A (A.7) and 

bulk air aquivalence capacity ℤAT (A.3): 

 𝒥𝐴𝐴𝐿𝐴 = 𝑞𝑄 + 𝑞𝐶 + 𝑞𝑀 (I.10) 

 𝒥𝐴 = 𝐶𝑂𝐴 [𝑣𝐴𝐷 + 𝑣𝑅𝐴 (𝑊𝑔 +
ℤ𝑊
𝑓𝐴𝑉ℤ𝑄

)] (I.11) 

The contribution of dry deposition relative to wet deposition are known from the 

studies of Crystal Lake (Table F-4) to be 11%98,101 (TALBOT, 1983) and of Bickford 

Pond (Table G-4) to be 15%128 (BENOIT, 1987).  Ignoring the small contribution of 

rain due to the last term in (I.11) relative to the wet and dry deposition, and 

assuming a 13% contribution of dry to total deposition qQ = 0.13·(qQ + qC), the 

scavenging ratio Wg was: 

 𝑊𝑔 =
0.87𝒥𝐴
𝐶𝑂𝐴𝑣𝑅𝐴

 (I.12) 

Wg = 3.06E+05 

Dry deposition velocity vAD follows: 

 𝑣𝐴𝐷 =
0.13𝒥𝐴
𝐶𝑂𝐴

 (I.13) 

vAD = 4.49 m·h-1 

These were assumed for Pb-210 and listed with corresponding values for Ra-226 

and Po-210 in Table I-4.   

Table I-5 lists aerosol, rain, and total water concentrations applied to all lakes, and 

values fit to each scenario.  Table I-6 lists concentration calculated for Ra-226 in 

the water and SPM phases, and the sediment flux.   

Table I-7 lists distribution coefficient limits assumed for Laurentian lakes.   
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Table I-5.  Laurentian lakes aerosol, rain and fit concentrations 

Phase Ra-226 Pb-210 Po-210 

Air, aerosol174 COA μg·m-3 2.00E-11175 1.58E-10176 3.00E-13177 

Water inflow174 COI ng·L-1 COWP COWP COWP 

Rain COM μg·m-3 1.59E-05178 2.64E-05179 1.86E-07179 

Water COW ng·L-1 Table I-6 fit fit 

SPM COP ng·L-1 Table I-6 COWP – COW COWP – COW 

Total water COWP ng·L-1 1.37E-05180 4.72E-07181 2.04E-08181 

Total water B182 COWP ng·L-1 COWP 2·COWP 2·COWP 

Sediment solids COS μg·g-1 fit fit fit 

Table I-6.  Laurentian lakes water and SPM concentrations 

Lake Water183 SPM183 Sediment flux184 

 Ra-226 Ra-226 Pb-210 

 COW COP (qD+qTS-qTW)ʹ 

 ng·L-1 ng·L-1 mol·h-1 

Currie 1.36E-05 5.08E-08 4.93E-12 

McSourley 1.36E-05 3.89E-08 3.73E-12 

Petznick 1.36E-05 1.06E-07 6.85E-12 

Lower Bass 1.36E-05 7.77E-08 6.75E-13 

Perch 1.36E-05 8.30E-08 5.26E-12 

Upper Bass 1.36E-05 1.01E-07 4.86E-13 

Otterson 1.36E-05 3.25E-08 6.54E-12 

 

                                       
174 Initial values 
175 From Table 2 4.4 dpm·1E+5m-3 (MOORE, 1976); initial value, fit 
176 From Ottawa weekly average 2009-2016: 0.45 mBq·m-3 (RPB, 2017); initial value, fit 
177 From Table 14 50 μg·m-3 (UNSCEAR, 2000) 
178 From Table 2 0.035±0.020 dpm·L-1 (n=17) (MOORE, 1976) 
179 From Table 1 Pb-210: 0.075 Bq·L-1, Po-210: 0.031 Bq·L-1 (THOMAS, 2000) 
180 From App. B Table 15 drinking water reference value 0.5 mBq·kg-1 (UNSCEAR, 2000) 
181 Average of Grant’s Creek measurements (section 4.3.3) + 20% for Po-210; alternate ‘B’ 

scenarios optimized with double these concentrations 
182 Applied to scenarios 1B through 7B 
183 From Table 6 Log10Kp=3.9 (CIFFROY, 2009), Table I-2 CPL, (A.34), Note 180 
184 From Table 3 weighted average of composite & individual sample fluxes (CORNETT, 

1984) 
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Table I-7.  Laurentian lakes distribution coefficients 

L·kg-1 
sediment SPM 

lower upper lower upper 

Ra-226 3.0E+02185 7.9E+03186 7.9E+03187 

Pb-210188 6.7E+04 1.3E+05 5.4E+05 5.6E+06 

Po-210188 1.3E+05 3.8E+05 6.8E+05 6.1E+06 

I.3 PROCEDURE 

The parameters adjusted to optimize the scenarios were: 

• FS settling flux Table I-3 

• COS observed concentrations on sediment solids Table I-5 

• COW observed concentrations in water, dissolved Table I-5 

• COWP observed water + particle concentration Table I-5 

• COA observed concentrations on aerosols Table I-5 

• COI observed inflow water concentration Table I-5 

• kTW diffusion coefficient for sediment-water Table I-4 

The observed solid sediment concentrations COS of Ra-226, Pb-210 and Po-210 

(COS1, COS2 and COS3) were adjusted at each step of the optimization to maintain 

sediment distribution coefficients Kd within the Table I-7 limits and to set each 

CS/COS = 1.   

Pb-210 and Po-210 total water concentrations were assigned the Table I-6 values 

for base scenarios 1 through 7: 

• COWP2 = 4.72E-07 ng·L-1 

• COWP3 = 2.04E-08 ng·L-1 

Pb-210 and Po-210 total water concentrations were assigned twice the Table I-6 

values for alternate scenarios 1B through 7B: 

• COWP2 = 9.44E-07 ng·L-1 

• COWP3 = 4.08E-08 ng·L-1 

The optimization sequence for each scenario was: 

                                       
185 From p.S343 (MLJAČ, 1996) 
186 From Table 3 & Table 5 calculated geometric mean (SANCHEZ, 1999) 
187 From Table 6 mode Log10(Kd)=3.9 (CIFFROY, 2009) 
188 From Table 4 range of central values over Perch Lake & Maskinonge Lake (WANG, 1993) 
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• Step 1: setting Ra-226 CW1/COW1 = 1, Pb-210 sediment flux qD2+qTS2-qTW2 to 

the Table I-6 value, and Pb-210 CW2/COW2 = 1 by adjusting: 

o COI observed inflow water concentration (reducing from initial value) 

o FS flux of settling particles (increasing from initial Table I-3 value) 

o COA1 Ra-226 observed concentration on aerosols 

o COA2 Pb-210 observed concentration on aerosols 

• Step 2: setting Po-210 CW3/COW3 = 1 by adjusting: 

o kTW3 Po-210 diffusion coefficient for sediment-water 

The optimization steps for Laurentian lakes are detailed: 

• cases 1, 1B (Table I-8, Table I-9): Currie Lake  

• cases 2, 2B (Table I-10, Table I-11): McSourley Lake 

• cases 3, 3B (Table I-12, Table I-13): Petznick Lake 

• cases 4, 4B (Table I-14, Table I-15): Lower Bass Lake 

• cases 5, 5B (Table I-16, Table I-17): Perch Lake 

• cases 6, 6B (Table I-18, Table I-19): Upper Bass Lake 

• cases 7, 7B (Table I-20, Table I-21): Otterson Lake 

The process charts are shown: 

• cases 1, 1B (Figure I-1, Figure I-2): Currie Lake  

• cases 2, 2B (Figure I-3, Figure I-4): McSourley Lake 

• cases 3, 3B (Figure I-5, Figure I-6): Petznick Lake 

• cases 4, 4B (Figure I-7, Figure I-8): Lower Bass Lake 

• cases 5, 5B (Figure I-9, Figure I-10): Perch Lake 

• cases 6, 6B (Figure I-11, Figure I-12): Upper Bass Lake 

• cases 7, 7B (Figure I-13, Figure I-14): Otterson Lake 
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Table I-8.  Laurentian case 1 Currie Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.004824 0.004824 1.41 1.41 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.01E-11 1.01E-11 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.32E-10 1.32E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 2.43E-01 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 4.36E-07 4.36E-07 

COW Po-210 ng·L-1 NA 1.00E-08 7.19E-09 7.00E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.08E-07 1.08E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.69E-08 5.69E-08 

COS Po-210 μg·g-1 NA 1.00E-10 9.38E-10 9.09E-10 

nD+nTS-nTW Pb-210 mol·h-1 4.93E-12 4.45E-12 4.94E-12 4.94E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.35E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.94E+03 7.94E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 1.75E+05 1.75E+05 

Kp high Pb-210 L·kg-1 5.60E+06 7.92E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 2.22E+06 3.92E+06 4.08E+06 

CW/COW Ra-226 unitless 1.00E+00 9.46E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 4.21E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 2.55E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 2.01E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 8.58E+00 1.08E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 3.45E+01 1.00E+00 1.00E+00 
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Table I-9.  Laurentian case 1B Currie Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.004824 0.004824 0.502 0.502 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 3.73E-12 3.73E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.34E-10 1.34E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 9.01E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 8.43E-07 8.43E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.43E-08 1.38E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 1.09E-07 1.09E-07 

COS Po-210 μg·g-1 NA 1.00E-10 1.85E-09 1.79E-09 

nD+nTS-nTW Pb-210 mol·h-1 4.93E-12 4.61E-12 4.93E-12 4.93E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.35E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.83E+03 7.83E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.55E+05 2.55E+05 

Kp high Pb-210 L·kg-1 5.60E+06 1.80E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 6.56E+06 3.96E+06 4.17E+06 

CW/COW Ra-226 unitless 1.00E+00 9.46E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 4.21E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 1.16E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 2.08E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 3.76E+00 2.76E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 3.58E+01 1.00E+00 1.00E+00 
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Table I-10.  Laurentian case 2 McSourley Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.004824 0.004824 0.924 0.924 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 6.03E-12 6.03E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 9.49E-11 9.49E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 2.15E-01 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 4.41E-07 4.41E-07 

COW Po-210 ng·L-1 NA 1.00E-08 7.52E-09 6.95E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.71E-08 5.71E-08 

COS Po-210 μg·g-1 NA 1.00E-10 9.77E-10 9.01E-10 

nD+nTS-nTW Pb-210 mol·h-1 3.73E-12 3.25E-12 3.73E-12 3.73E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.34E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.89E+03 7.89E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 1.96E+05 1.96E+05 

Kp high Pb-210 L·kg-1 5.60E+06 1.03E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 2.89E+06 4.77E+06 5.38E+06 

CW/COW Ra-226 unitless 1.00E+00 2.78E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.24E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 1.40E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.42E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 4.76E+00 3.40E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 2.44E+01 1.00E+00 1.00E+00 
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Table I-11.  Laurentian case 2B McSourley Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.004824 0.004824 0.258 0.258 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.92E-12 1.92E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.03E-10 1.03E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 7.00E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 8.32E-07 8.32E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.45E-08 1.33E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.06E-07 1.06E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 1.08E-07 1.08E-07 

COS Po-210 μg·g-1 NA 1.00E-10 1.88E-09 1.73E-09 

nD+nTS-nTW Pb-210 mol·h-1 3.73E-12 3.50E-12 3.73E-12 3.73E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.34E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.77E+03 7.77E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 3.74E+05 3.74E+05 

Kp high Pb-210 L·kg-1 5.60E+06 2.35E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 8.57E+06 5.05E+06 5.75E+06 

CW/COW Ra-226 unitless 1.00E+00 2.78E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.24E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 6.66E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.53E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 2.26E+00 9.90E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 2.64E+01 1.00E+00 1.00E+00 
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Table I-12.  Laurentian case 3 Petznick Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.00458 0.00458 0.719 0.719 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 5.25E-12 5.25E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 7.67E-11 7.67E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 6.85E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 3.90E-07 3.90E-07 

COW Po-210 ng·L-1 NA 1.00E-08 6.55E-09 6.40E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.05E-08 5.05E-08 

COS Po-210 μg·g-1 NA 1.00E-10 8.51E-10 8.32E-10 

nD+nTS-nTW Pb-210 mol·h-1 6.85E-12 5.77E-12 6.85E-12 6.85E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.38E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.90E+03 7.90E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.15E+05 2.15E+05 

Kp high Pb-210 L·kg-1 5.60E+06 3.80E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 1.06E+06 2.16E+06 2.24E+06 

CW/COW Ra-226 unitless 1.00E+00 4.51E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.94E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 2.93E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.05E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 8.50E+00 3.25E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.80E+01 1.00E+00 1.00E+00 
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Table I-13.  Laurentian case 3B Petznick Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.00458 0.00458 0.214 0.214 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.74E-12 1.74E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 8.06E-11 8.06E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 2.61E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 6.67E-07 6.67E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.14E-08 1.12E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.05E-07 1.05E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 8.64E-08 8.64E-08 

COS Po-210 μg·g-1 NA 1.00E-10 1.48E-09 1.45E-09 

nD+nTS-nTW Pb-210 mol·h-1 6.85E-12 6.25E-12 6.85E-12 6.85E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.38E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.72E+03 7.72E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 4.23E+05 4.23E+05 

Kp high Pb-210 L·kg-1 5.60E+06 8.62E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 3.15E+06 2.63E+06 2.72E+06 

CW/COW Ra-226 unitless 1.00E+00 4.51E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.94E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 1.40E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.14E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 4.01E+00 8.54E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.95E+01 1.00E+00 1.00E+00 
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Table I-14.  Laurentian case 4 Lower Bass Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.00279 0.00279 0.552 0.552 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 4.09E-12 4.09E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 6.88E-11 6.88E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 6.66E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 4.02E-07 4.02E-07 

COW Po-210 ng·L-1 NA 1.00E-08 6.80E-09 6.70E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.24E-08 5.24E-08 

COS Po-210 μg·g-1 NA 1.00E-10 8.84E-10 8.68E-10 

nD+nTS-nTW Pb-210 mol·h-1 6.75E-13 5.64E-13 6.75E-13 6.75E-13 

Kd low Ra-226 L·kg-1 3.00E+02 7.36E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.87E+03 7.87E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.42E+05 2.42E+05 

Kp high Pb-210 L·kg-1 5.60E+06 5.17E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 1.45E+06 2.78E+06 2.84E+06 

CW/COW Ra-226 unitless 1.00E+00 4.51E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.40E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 3.13E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 9.28E+00 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 8.89E+00 3.00E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.59E+01 1.00E+00 1.00E+00 
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Table I-15.  Laurentian case 4B Lower Bass Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.00279 0.00279 0.138 0.138 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.18E-12 1.18E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 7.26E-11 7.26E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 1.00E-10 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 6.63E-07 6.63E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.14E-08 1.12E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.03E-07 1.03E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 8.65E-08 8.65E-08 

COS Po-210 μg·g-1 NA 1.00E-10 1.49E-09 1.45E-09 

nD+nTS-nTW Pb-210 mol·h-1 6.75E-13 6.14E-13 6.75E-13 6.75E-13 

Kd low Ra-226 L·kg-1 3.00E+02 7.36E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.57E+03 7.57E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 5.89E+05 5.89E+05 

Kp high Pb-210 L·kg-1 5.60E+06 1.17E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 4.28E+06 3.59E+06 3.70E+06 

CW/COW Ra-226 unitless 1.00E+00 4.51E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.40E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 1.50E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.01E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 4.24E+00 9.12E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.73E+01 1.00E+00 1.00E+00 
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Table I-16.  Laurentian case 5 Perch Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.0053 0.0053 0.641 0.641 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 4.75E-12 4.75E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 7.73E-11 7.73E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 7.16E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 4.01E-07 4.01E-07 

COW Po-210 ng·L-1 NA 1.00E-08 6.80E-09 6.70E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.23E-08 5.23E-08 

COS Po-210 μg·g-1 NA 1.00E-10 8.87E-10 8.73E-10 

nD+nTS-nTW Pb-210 mol·h-1 5.26E-12 4.49E-12 5.26E-12 5.26E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.37E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.87E+03 7.87E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.29E+05 2.29E+05 

Kp high Pb-210 L·kg-1 5.60E+06 4.83E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 1.35E+06 2.60E+06 2.66E+06 

CW/COW Ra-226 unitless 1.00E+00 3.05E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.43E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 1.97E+01 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.03E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 3.71E+00 2.96E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.76E+01 1.00E+00 1.00E+00 
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Table I-17.  Laurentian case 5B Perch Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.0053 0.0053 0.176 0.176 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.48E-12 1.48E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 8.35E-11 8.35E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 2.52E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 6.88E-07 6.88E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.17E-08 1.15E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.04E-07 1.04E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 8.90E-08 8.90E-08 

COS Po-210 μg·g-1 NA 1.00E-10 1.53E-09 1.50E-09 

nD+nTS-nTW Pb-210 mol·h-1 5.26E-12 4.88E-12 5.26E-12 5.26E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.37E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.67E+03 7.67E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 4.85E+05 4.85E+05 

Kp high Pb-210 L·kg-1 5.60E+06 1.10E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 4.01E+06 3.23E+06 3.31E+06 

CW/COW Ra-226 unitless 1.00E+00 3.05E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.43E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 9.41E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.12E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 1.88E+00 8.59E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.91E+01 1.00E+00 1.00E+00 
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Table I-18.  Laurentian case 6 Upper Bass Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.0137 0.0137 0.559 0.559 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 4.31E-12 4.31E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 9.13E-11 9.13E-11 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 5.58E-02 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 3.85E-07 3.85E-07 

COW Po-210 ng·L-1 NA 1.00E-08 6.74E-09 6.40E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.02E-08 5.02E-08 

COS Po-210 μg·g-1 NA 1.00E-10 8.73E-10 8.30E-10 

nD+nTS-nTW Pb-210 mol·h-1 4.86E-13 4.02E-13 4.86E-13 4.86E-13 

Kd low Ra-226 L·kg-1 3.00E+02 7.38E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.88E+03 7.88E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.42E+05 2.42E+05 

Kp high Pb-210 L·kg-1 5.60E+06 3.96E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 1.11E+06 2.16E+06 2.33E+06 

CW/COW Ra-226 unitless 1.00E+00 1.45E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.04E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 7.94E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 8.63E+00 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 1.48E+00 1.28E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.48E+01 1.00E+00 1.00E+00 
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Table I-19.  Laurentian case 6B Upper Bass Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.0137 0.0137 0.154 0.154 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 1.50E-12 1.50E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.20E-10 1.20E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 0.00E+00 

COI Pb-210 kg·a-1 NA 2.02E-06 0.00E+00 0.00E+00 

COW Pb-210 ng·L-1 NA 1.00E-07 6.28E-07 6.28E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.10E-08 1.05E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.04E-07 1.04E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 8.16E-08 8.16E-08 

COS Po-210 μg·g-1 NA 1.00E-10 1.43E-09 1.36E-09 

nD+nTS-nTW Pb-210 mol·h-1 4.86E-13 4.45E-13 4.86E-13 4.86E-13 

Kd low Ra-226 L·kg-1 3.00E+02 7.38E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.64E+03 7.64E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 5.36E+05 5.36E+05 

Kp high Pb-210 L·kg-1 5.60E+06 8.98E+06 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 3.28E+06 2.89E+06 3.07E+06 

CW/COW Ra-226 unitless 1.00E+00 1.45E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 1.04E+01 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 3.88E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 9.54E+00 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 1.01E+00 3.11E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 1.64E+01 1.00E+00 1.00E+00 
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Table I-20.  Laurentian case 7 Otterson Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.01394 0.01394 1.24 1.24 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 9.82E-12 9.82E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.58E-10 1.58E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 3.13E-01 

COI Pb-210 kg·a-1 NA 2.02E-06 3.35E-07 3.35E-07 

COW Pb-210 ng·L-1 NA 1.00E-07 4.48E-07 4.48E-07 

COW Po-210 ng·L-1 NA 1.00E-08 8.41E-09 7.25E-09 

COWP Pb-210 ng·L-1 4.72E-07 4.72E-07 4.72E-07 4.72E-07 

COWP Po-210 ng·L-1 2.04E-08 2.04E-08 2.04E-08 2.04E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.08E-07 1.08E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 5.81E-08 5.81E-08 

COS Po-210 μg·g-1 NA 1.00E-10 1.09E-09 9.40E-10 

nD+nTS-nTW Pb-210 mol·h-1 6.54E-12 5.35E-12 6.54E-12 6.54E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.34E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.93E+03 7.93E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 1.79E+05 1.79E+05 

Kp high Pb-210 L·kg-1 5.60E+06 1.24E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 3.47E+06 4.76E+06 6.06E+06 

CW/COW Ra-226 unitless 1.00E+00 1.10E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 7.96E+00 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 4.73E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.62E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 9.69E-01 8.78E-02 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 2.78E+01 1.00E+00 1.00E+00 
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Table I-21.  Laurentian case 7B Otterson Lake optimization 

par. nuclide units target initial step 1 step 2 

FS all g·m-2·d-1 0.01394 0.01394 0.398 0.398 

COA Ra-226 μg·m-3 2.00E-11 2.00E-11 3.99E-12 3.99E-12 

COA Pb-210 μg·m-3 1.58E-10 1.58E-10 1.58E-10 1.58E-10 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 1.02E-01 

COI Pb-210 kg·a-1 NA 2.02E-06 8.09E-07 8.09E-07 

COW Pb-210 ng·L-1 NA 1.00E-07 8.69E-07 8.69E-07 

COW Po-210 ng·L-1 NA 1.00E-08 1.65E-08 1.45E-08 

COWP Pb-210 ng·L-1 9.44E-07 9.44E-07 9.44E-07 9.44E-07 

COWP Po-210 ng·L-1 4.08E-08 4.08E-08 4.08E-08 4.08E-08 

COS Ra-226 μg·g-1 NA 1.00E-08 1.07E-07 1.07E-07 

COS Pb-210 μg·g-1 NA 1.00E-08 1.13E-07 1.13E-07 

COS Po-210 μg·g-1 NA 1.00E-10 2.14E-09 1.88E-09 

nD+nTS-nTW Pb-210 mol·h-1 6.54E-12 5.96E-12 6.54E-12 6.54E-12 

Kd low Ra-226 L·kg-1 3.00E+02 7.34E+02 - - 

Kd high Ra-226 L·kg-1 7.90E+03 - 7.84E+03 7.84E+03 

Kd low Pb-210 L·kg-1 6.70E+04 - - - 

Kd high Pb-210 L·kg-1 1.30E+05 1.00E+05 1.30E+05 1.30E+05 

Kd low Po-210 L·kg-1 1.30E+05 1.00E+04 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - 2.87E+05 2.87E+05 

Kp high Pb-210 L·kg-1 5.60E+06 2.81E+07 - - 

Kp low Po-210 L·kg-1 6.80E+05 - - - 

Kp high Po-210 L·kg-1 6.10E+06 1.03E+07 4.94E+06 6.06E+06 

CW/COW Ra-226 unitless 1.00E+00 1.10E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 unitless 1.00E+00 7.96E+00 1.00E+00 1.00E+00 

CW/COW Pb-210 unitless 1.00E+00 2.32E+00 1.00E+00 1.00E+00 

CS/COS Pb-210 unitless 1.00E+00 1.81E+01 1.00E+00 1.00E+00 

CW/COW Po-210 unitless 1.00E+00 8.72E-01 2.26E-01 1.00E+00 

CS/COS Po-210 unitless 1.00E+00 3.12E+01 1.00E+00 1.00E+00 
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Figure I-1.  Laurentian Currie Lake case 1 

 

Figure I-2.  Laurentian Currie Lake case 1B 
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Figure I-3.  Laurentian McSourley Lake case 2 

 

Figure I-4.  Laurentian McSourley Lake case 2B 
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Figure I-5.  Laurentian Petznick Lake case 3 

 

Figure I-6.  Laurentian Petznick Lake case 3B 
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Figure I-7.  Laurentian Lower Bass Lake case 4 

 

Figure I-8.  Laurentian Lower Bass Lake case 4B 
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Figure I-9.  Laurentian Perch Lake case 5 

 

Figure I-10.  Laurentian Perch Lake case 5B 
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Figure I-11.  Laurentian Upper Bass Lake case 6 

 

Figure I-12.  Laurentian Upper Bass Lake case 6B 
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Figure I-13.  Laurentian Otterson Lake case 7 

 

Figure I-14.  Laurentian Otterson Lake case 7B 
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J Kiggavik 

J.1 INPUT 

Table J-1 lists properties for the Judge Sissons Lake, Nunavut.   

Table J-1.  Judge Sissons Lake properties 

Property Symbol Value Units 

Depth of lake dLA 4.6189 m 

Depth of sediment dSE 0.025190 m 

Area of lake ALA 9.55E+07189 m2 

Area of sediment ASE 9.55E+07189 m2 

Density of SPM ρw 2.4191 g·cm-3 

Density of aerosol ρA 1.5191 g·cm-3 

Density of sediment ρS 2.4191 g·cm-3 

Concentration of water particulate CPL 0.35192 mg·L-1 

Concentration of inflow particulate CPI 1.33192 mg·L-1 

Concentration of aerosol CPA 15193 μg·m-3 

Rate of rain vRA 0.273194 m·a-1 

Volumetric rate of water inflow QI 1.52E+04195 m3·h-1 

Volumetric rate of water outflow QJ 1.82E+04196 m3·h-1 

Volume fraction of sediment particles fSV 0.035197 - 

Flux of particles, settling FS 0.042198 g·m-2·d-1 

Flux of particles, resuspension FR 0 g·m-2·d-1 

Flux of particles, burial FB FS
199 g·m-2·d-1 

Table J-2 lists the nuclide properties assumed for Kiggavik.  Other default values 

are listed in Table F-2.   

                                       
189 From Table 5.3-1 (AREVA, 2011B) 
190 From section 5.4.4 depth / mass accumulation basis range 2-2.5 cm (AREVA, 2011B) 
191 From Table 2 (MACKAY, 1989) 
192 From section J.2.2 
193 From p.6755 (TALBOT, 1983) 
194 From Baker Lake Stn 1981-2010 http://climate.weather.gc.ca/climate_normals/ 
195 From section 5.1 Aniguq River unit area runoff 0.0062 m3·s-1·km-1, Table 5.3-1 basin 

area 704.6 km2 (AREVA, 2011B) 
196 From inlow195 + precipitation194, Table 5.3-1 9550 ha surface area (AREVA, 2011B) 
197 From Table 5.4-2 average of depth accumulation at 11 m of 0.11 mm·a-1 & at 13 m of 

0.26 mm·a-1 (AREVA, 2011B), settling flux198, & sediment particle density191 
198 From Table 5.4-3 average of settling flux at 11 m of 11 g·m-2·a-1 & at 13 m of 

20 g·m-2·a-1 (AREVA, 2011B) 
199 From FR and particle balance (A.27); initial value, then fit according to section J.3 

http://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv&lstProvince=NU&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=1709&dispBack=0
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Table J-2.  Kiggavik nuclide properties 

Property Ra-226 Pb-210 Po-210 

Rain scavenging ratio Wg - 7.94E+05200 2.62E+05201 1.82E+04202 

Deposition velocity vAD m·h-1 568203 15.7201 5.01203 

MTC water-sediment204 kTS m·h-1 fit fit fit 

MTC sediment-water204 kTW m·h-1 fit fit fit 

J.2 OPTIMIZATION 

J.2.1 ATMOSPHERIC DEPOSITION 

Pb-210 deposition data for many sites were compiled over decades of latitude.  The 

60-70°N latitude range is 3.7±3.5 mBq cm-2·a-1 (BASKARAN, 2011), which 

corresponds to the Kiggavik site at about 64°N latitude.  Following the method of 

section I.2 and the atmospheric concentration from Table J-9, the Pb-210 values 

were for the scavenging ratio: 

Wg = 2.62E+05 

and for the deposition velocity: 

vAD = 15.7 m·h-1 

J.2.2 NUCLIDE CONCENTRATION ESTIMATES 

A significant number of Kiggavik study area measurements of SPM and nuclide 

water were below detection limit, as well as the Pb-210 measurements of sediment 

concentration.  The SPM, water concentration and sediment concentration were 

assumed to be lognormally distributed.  Means of these distributions were 

estimated using the elnormCensored function with the Quantile-Quantile regression 

method from the EnvStats package for R (MILLARD, 2013).   

Table J-3 and Table J-4 contain tallies of the SPM measurements of stream inflow to 

Judge Sissons Lake and of Judge Sissons Lake itself (from Attachment X.II) 

(AREVA, 2011C).  There are only five inflow SPM measurements, two of which are 

below detection limit.  Only three of the lake SPM measurements are above 

detection limit.  The selected R method gave a mean inflow SPM concentration of 

1.33 mg·L-1 and a lake SPM concentration of 0.35 mg·L-1.   

                                       
200 From section F.2.1.1 as Crystal Lake (Table F-2) and section G.2.1.1 as Bickford Pond 

(Table G-2) 
201 From section J.2.1 
202 From section G.2.1.2 as Bickford Pond (Table G-2) 
203 From section G.2.2 as Bickford Pond (Table G-2) 
204 MTC sediment-water kTW was set for each nuclide 
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Table J-3.  Judge Sissons Lake inflow stream SPM measurement tallies 

value (mg·L-1) <2 1 2 

tally 2 1 2 

Table J-4.  Judge Sissons Lake SPM measurement tallies 

value (mg·L-1) <2 <1 1 1.1 2 

tally 3 16 1 1 1 

Table J-5 shows water concentration measurements for eight samples from 

locations of streams inflow to Judge Sissons Lake, and Table J-6 tallies of 

measurements from the balance of Kiggavik site sample locations (from Attachment 

X.II) (AREVA, 2011C).  Table J-7 shows mean nuclide inflow and lake water 

concentrations determined by the selected R method for these sets of the data.   

Table J-5.  Judge Sissons inflow stream water concentration measurements 

 Ra-226 Pb-210 Po-210 

DL (Bq·L-1) 0.005 0.02 0.005 

WLISS-WQ001-P09 <0.005 <0.02 <0.005 

WIJSS-WQ002-F09 0.007 <0.02 <0.005 

WIJSS-001-P08 <0.005 <0.02 0.02 

LWJSS-001-P08 <0.005 <0.02 0.008 

CFJSS-001-P08 <0.005 <0.02 0.01 

WIJSS-002-F08 <0.005 <0.02 <0.005 

LWJSS-002-F08 <0.005 <0.02 <0.005 

CFJSS-002-F08 0.005 <0.02 <0.005 
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Table J-6.  Kiggavik study area water concentrations 

tally Ra-226 Pb-210 Po-210 

DL (Bq·L-1) 0.005 0.02 0.005 

<0.005 92 

118 

80 

0.005 6 2 

0.006 9 9 

0.007 6 8 

0.008 2 7 

0.009 4 3 

0.010 3 8 

0.011 0 0 

0.012 0 0 

0.013 0 0 

0.014 0 0 

0.015 0 0 

0.016 0 0 

0.017 0 0 

0.018 0 0 

0.019 0 0 

0.020 0 1 3 

0.021 0 0 0 

0.022 0 0 0 

0.023 0 0 0 

0.024 0 0 0 

0.025 0 0 0 

0.026 0 0 0 

0.027 0 0 0 

0.028 0 0 0 

0.029 0 0 0 

0.030 0 3 2 

total >DL 30 4 42 

Table J-7.  Judge Sissons Lake water concentrations 

Bq·L-1 Ra-226 Pb-210 Po-210 

inflow 0.0031 0.0177 0.0048 

lake 0.0049 0.0152 0.0059 

Table J-8 shows the Kiggavik study area sediment samples concentration 

measurements.  The R EnvStats gofTest function with the Shapiro-Wilk method 

showed that the data could be considered lognormally distributed.  The 

elnormCensored function gave estimated mean sediment concentrations for Ra-226 

of 0.032 Bq·g-1 and for Pb-210 of 0.050 Bq·g-1.  Figure J-1 shows the R EnvStats 
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stripChart function charts of the sorted data giving a normal sample mean for 

Po-210 of 0.090 Bq·g-1, and also showing that the estimated mean concentration of 

Ra-226 in sediment samples from Judge Sissons Lake is 0.001-0.017  Bq·g-1 lower 

(95% confidence interval) than from the balance of Kiggavik site waterways 

(MILLARD, 2013).   

Table J-8.  Judge Sissons sediment concentration measurements 

Bq·g-1 Ra-226 Pb-210 Po-210 

DL 0.01 0.02/0.04 0.005 

JSL-001-F08 0.04 0.22 0.18 

JSL-002-F08 0.03 0.09 0.08 

JSL-006-F08 0.04 0.03 0.05 

JSL-007-F08 0.03 <0.02 0.12 

JSL-008-F08 0.03 0.09 0.12 

JSL-SD001A-F09 0.05 0.06 0.11 

JSL-SD001B-F09 0.04 0.09 0.19 

SJL-SD001C-F09 0.04 0.07 0.09 

SJL-SD001E-F09 0.07 0.11 0.08 

SJL-SD001F-F09 0.04 0.11 0.08 

JSL-SD002A-F09 0.03 0.09 0.12 

JSL-SD002B-F09 0.03 0.09 0.11 

JSL-SD002C-F09 0.05 0.18 0.28 

JSL-SD002D-F09 0.04 0.19 0.15 

JSL-SD002E-F09 0.03 0.06 0.08 

JSL-SD006A-F09 0.03 <0.04 0.04 

JSL-SD006B-F09 0.03 <0.04 0.06 

JSL-SD006C-F09 <0.01 <0.04 0.05 

JSL-SD006D-F09 0.02 0.07 0.11 

JSL-SD006E-F09 0.03 <0.04 0.06 

JSL-SD007A-F09 0.02 <0.04 0.04 

JSL-SD007B-F09 0.03 <0.04 0.02 

JSL-SD007C-F09 0.03 <0.04 0.09 

JSL-SD007D-F09 0.03 <0.04 0.02 

JSL-SD007E-F09 0.02 <0.04 0.04 

JSL-SD008A-F09 0.03 <0.04 0.06 

JSL-SD008B-F09 0.02 <0.04 0.07 

JSL-SD008C-F09 0.02 <0.04 0.06 

JSL-SD008D-F09 0.04 <0.04 0.07 

JSL-SD008E-F09 0.04 <0.04 0.06 
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Figure J-1.  Kiggavik and Judge Sissons Lake sediment concentration data 

Table J-9 lists aerosol, inflow, rain, total water, and sediment concentrations.   

Table J-9.  Judge Sissons phase concentrations 

Phase Ra-226 Pb-210 Po-210 

Air, aerosol205 COA μg·m-3 7.02E-11206 5.88E-11206 2.16E-13 

Water inflow207 COI ng·L-1 8.34E-05 6.24E-06 2.86E-08 

Rain COM μg·m-3 1.59E-05208 2.64E-05209 1.86E-07209 

Water COW ng·L-1 fit fit fit 

Water particles COP ng·L-1 COWP - COW COWP - COW COWP - COW 

Total water210 COWP ng·L-1 1.33E-04 5.35E-06 3.53E-08 

Sediment solids211 COS μg·g-1 8.63E-07 1.76E-08 5.39E-10 

The Table I-7 distribution coefficient limits were assumed for the Judge Sissons 

Lake.   

                                       
205 From Table 5.1-1: 2.57E-06, 1.67E-04, 3.60E-05 Bq·m-3 (AREVA, 2011A) 
206 Initial value, then fit according to section J.3 
207 From Attachment X.II tables for inflow to Judge Sissons Lake (AREVA, 2011C) 
208 From Table 2 0.035±0.020 dpm·L-1 (n=17) (MOORE, 1976) 
209 From Table 1 Pb-210: 0.075 Bq·L-1, Po-210: 0.031 Bq·L-1 (THOMAS, 2000) 
210 From Attachment X.II tables for Judge Sissons Lake (AREVA, 2011C) 
211 From Attachment X.III tables for Judge Sissons Lake (AREVA, 2011C) 
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J.3 PROCEDURE 

The parameters adjusted to optimize the scenario were: 

• COW observed water concentration of nuclides Table J-9 

• COA observed concentration of aerosol nuclides Table J-9 

• EW emission to water 

• kTW diffusion coefficient for sediment-water Table J-2 

The observed dissolved water concentrations COW of Ra-226, Pb-210 and Po-210 

(COW1, COW2 and COW3) were adjusted initially to set each sediment distribution 

coefficient Kd within the Table I-7 limits.  Maintaining the sediment distribution 

coefficients Pb-210 Kd2 and Po-210 Kd3 at the minimum range values resulted in the 

SPM distribution coefficients of Pb-210 Kp2 and of Po-210 Kp3 being above the Table 

I-7 upper limits.   

Table J-10 details the optimization process: 

• Step 1: Ra-226 CS1/COS1 = 1 and CW1/COW1 = 1 by adjusting: 

o COA1 Ra-226 observed concentration on aerosols Table J-9 

o kTW1 Ra-226 diffusion coefficient for sediment-water Table J-2 

• Step 2: Pb-210 CS2/COS2 = 1 and CW2/COW2 = 1 by adjusting: 

o COA2 Pb-210 observed concentration on aerosols Table J-9 

o kTW2 Pb-210 diffusion coefficient for sediment-water Table J-2 

• Step 3: Po-210 CS3/COS3 = 1 and CW3/COW3 = 1 by adjusting: 

o kTW3 Po-210 diffusion coefficient for sediment-water Table J-2 

o EW3 Po-210 emission to water 
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Table J-10.  Kiggavik Judge Sissons Lake optimization 

par. nuclide units target initial step 1 step 2 step 3 

COA Ra-226 μg·m-3 7.02E-11 7.02E-11 2.31E-11 2.31E-11 2.31E-11 

COA Pb-210 μg·m-3 5.88E-11 5.88E-11 5.88E-11 1.48E-11 1.48E-11 

kTW Ra-226 m·h-1 NA 1.00E-10 1.07E-03 1.07E-03 1.07E-03 

kTW Pb-210 m·h-1 NA 1.00E-10 1.00E-10 9.63E-02 9.63E-02 

kTW Po-210 m·h-1 NA 1.00E-10 1.00E-10 1.00E-10 1.21E-02 

EW Po-210 kg·a-1 NA 1.00E-18 1.00E-18 1.00E-18 4.39E-08 

COW Ra-226 ng·L-1 NA 1.00E-05 1.09E-04 1.09E-04 1.09E-04 

COW Pb-210 ng·L-1 NA 1.00E-06 2.63E-07 2.63E-07 2.63E-07 

COW Po-210 ng·L-1 NA 1.00E-08 4.16E-09 4.16E-09 4.16E-09 

Kd low Ra-226 L·kg-1 3.00E+02 - - - - 

Kd high Ra-226 L·kg-1 7.90E+03 8.63E-04 7.92E+03 7.92E+03 7.92E+03 

Kd low Pb-210 L·kg-1 6.70E+04 1.76E+04 6.70E+04 6.70E+04 6.70E+04 

Kd high Pb-210 L·kg-1 1.30E+05 - - - - 

Kd low Po-210 L·kg-1 1.30E+05 5.39E+04 1.30E+05 1.30E+05 1.30E+05 

Kd high Po-210 L·kg-1 3.80E+05 - - - - 

Kp low Pb-210 L·kg-1 5.40E+05 - - - - 

Kp high Pb-210 L·kg-1 5.60E+06 1.24E+07 5.52E+07 5.52E+07 5.52E+07 

Kp low Po-210 L·kg-1 6.80E+05 - - - - 

Kp high Po-210 L·kg-1 6.10E+06 7.22E+06 2.14E+07 2.14E+07 2.14E+07 

CW/COW Ra-226 - 1.00E+00 8.61E-02 1.00E+00 1.00E+00 1.00E+00 

CS/COS Ra-226 - 1.00E+00 3.30E+01 1.00E+00 1.00E+00 1.00E+00 

CW/COW Pb-210 - 1.00E+00 7.32E-02 6.40E-02 1.00E+00 1.00E+00 

CS/COS Pb-210 - 1.00E+00 2.66E+01 1.05E+01 1.00E+00 1.00E+00 

CW/COW Po-210 - 1.00E+00 7.30E-02 5.80E-02 4.78E-01 1.00E+00 

CS/COS Po-210 - 1.00E+00 1.48E+01 5.85E+00 8.69E-01 1.00E+00 
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K Laboratory Calculations 

K.1 MASS SPECTROMETRY 

K.1.1 QUANTIFICATION LIMIT 

The limit of detection concentration CL was calculated from the standard deviation 

of blanks 0, confidence level 𝔨 and the sensitivity or slope of the calibration plot m 

(WANG, 2011): 

 𝐶𝐿 =
𝔨 ∙ 𝜎0
𝔪

 (K-1) 

The International Union of Pure and Applied Chemistry has recommended 3 

detection limits (𝔨 = 3) corresponding to a 98% confidence level.  The limit of 

quantification concentration CQ is 10 standard deviations of the blank (THOMSEN, 

2003):  

 𝐶𝑄 = 3.3𝐶𝐿(𝔨=3) (K-2) 

Table K-1 shows the Bruker Aurora M90 (WANG, 2011) Inductively-Coupled 

Plasma Source Mass Spectrometry (ICP-MS) (PORCELLI, 2011) calibration counts 

on August 12, 2016 of sub-samples from the original filtered samples diluted 2:1 

with 2% HNO3 solution and spiked with two separate standard solutions that 

included the species shown.  Counts of Mg-24 and Fe-56 were not distinguished 

from background and the calibration curve of Th-232 was poorly resolved.   

Table K-1.  Aurora M90 ICP-MS calibration counts 

std. 
(ppb) 

Counts 

Mg-24 Mn-55 Fe-56 Sr-88 Cs-133 Ba-137 Pb-208 Th-232 U-238 

0 6528906 31870 5393542 6209 1051 844 1775 833 144 

2.5 6842500 142213 5746376 128348 117083 15478 55296 127779 79562 

0 6376309 31098 5252132 6794 1022 996 1775 600 154 

2.5 6392376 136986 5432583 126070 112623 15748 53441 99292 77837 

0 6535653 31903 5368667 7124 1014 1089 1700 478 143 

2.5 6580318 136306 5568295 123609 113297 15975 54149 66326 78463 

0 6157100 30371 5157887 6683 953 852 1670 515 142 

2.5 6377339 133227 5448733 124292 111200 14951 51644 48636 74895 

0 6438911 31688 5406294 6879 17897 1059 1729 522 157 

2.5 6512555 132822 5550103 124246 111510 14963 52607 43176 74333 

5 6543862 253155 5621115 256026 239332 32395 109586 140809 159032 

10 6707744 498066 5918987 529197 500051 66679 227701 126487 332323 

Table K-2 shows the diluted concentrations of the remaining species prepared from 

the stock solutions.  Table K-3 gives the regression slopes 𝔪 of the Table K-1 

counts paired with the Table K-2 standard concentrations, the standard deviation of 
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the Table K-1 blank counts 0, the limit of detection concentration CL from Equation 

K-1, the dilution-corrected CL, and the limit of quantification from Equation K-2.   

Table K-2.  ICP-MS standard concentrations 

std. (ppb) Mn-55 Sr-88 Cs-133 Ba-137 Pb-208 U-238 

0 0 0 0 0 0 0 

2.5 2.522 2.522 2.355 2.522 2.522 2.438 

5 5.170 5.170 4.827 5.170 5.170 4.998 

10 10.234 10.234 9.555 10.234 10.234 9.894 

Table K-3.  ICP-MS quantification limit parameters 

species 𝔪 (#/ppb) 0 (#) CL (ppb) 
undiluted 

CL (ppb) 
CQ (ppb) 

Mn-55 45099 116 0.0077 0.0154 0.0509 

Sr-88 50529 474 0.0281 0.0563 0.1857 

Cs-133 51257 9737 0.5699 1.1398 3.7612 

Ba-137 6353 133 0.0630 0.1260 0.4158 

Pb-208 21859 38 0.0051 0.0103 0.0340 

U-238 33258 8 0.0007 0.0014 0.0046 

K.1.2 CALIBRATION 

The first two standards 

were designated for 

calibration by the 

Aurora M90 sample 

processing software, 

marking counts at 0 

and 2.5 ppb for each 

species.  These counts 

are indicated in the first 

two rows of Table K-1.  

In-115 is injected into 

the sample stream to 

indicated stability of the 

argon carrier gas.  

Figure K-1 shows the 

In-115 counts 

corresponding to the 

entire sampling 

sequence of the run.   
Figure K-1.  ICP-MS counts of In-115 
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The result of a regression of the In-115 counts with the sample sequence number 𝔖 

was 𝔑′S.In115:  

 𝔑′𝑆.𝐼𝑛115 = (76250 ± 360) − (65.8 ± 10.3)𝔖 (K-3) 

The trend in In-115 suggests a weakening in the carrier signal over the duration of 

the sample run, although the magnitude of the trend was small relative to the 

count uncertainty (r2 = 0.41).  The trend was assumed to apply to each of the 

measurement species over the sample sequence.  Among the resolved species, as 

indicated by Table K-1, the counts of the 2.5 ppb standard samples was at most 

twice the counts of the In-115 samples (Mn-55, Sr-88 and Cs-133).  The magnitude 

of uncertainty in the number of counts of In-115 relative to each of these species 

would be √2 according to a Poisson distribution (MOOD, 1973).  The extra 

uncertainty introduced by correcting for signal bias using the In-115 count trend 

was ignored.  The resulting underestimate in concentration uncertainty was 

considered small relative to other unaccounted sources of measurement error.   

K.1.3 CONCENTRATION 

Table K-4 contains the instrument counts of each species and sample.   
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Table K-4.  Aurora M90 ICP-MS species counts 

Sequence Sample 
Counts 

Mn-55 Sr-88 Cs-133 Ba-137 Pb-208 U-238 

4 1 579221 634213 1249 22564 2447 482 

5 2 502510 629704 1246 21714 2269 536 

6 3 861202 6322946 2167 94700 4183 11375 

7 4 739547 6054724 1890 85068 3582 10732 

8 5 1006754 3200355 1074 330842 1568 2407 

9 6 991503 3148160 1051 325872 2467 2397 

10 7 496357 804328 1302 45441 1712 467 

11 8 496201 780931 1318 42132 1484 484 

12 9 1805827 1855549 1342 127785 2043 2758 

13 10 1308058 1820260 1272 122797 2151 2751 

14 11 587877 1373842 1521 88379 2327 4002 

18 12 593902 1369765 1403 86619 1730 4075 

19 13 218005 645587 1043 35008 1943 238 

20 14 228253 646026 1077 35112 1877 249 

21 15 819546 944566 1072 37068 2871 451 

22 16 801639 936510 1027 35854 2885 439 

23 17 506087 21690618 1131 134699 1736 7590 

24 18 248047 22146107 1136 133849 1290 7866 

25 19 2593123 10858510 1193 141668 4385 1003 

26 20 1916537 10808318 1137 133637 2288 905 

27 21 10864122 7278073 1426 400451 5126 17999 

28 22 10597517 7038578 1391 387509 4263 18578 

For each species X and sample sequence S, the Table K-4 instrument counts 𝔑𝔖.X 

were corrected by scaling by the ratio of the Equation K-3 regression to the In-115 

counts 𝔑𝔖.In115: 

 𝔑′𝔖.𝑋 =
𝔑′𝔖.𝐼𝑛115
𝔑𝔖.𝐼𝑛115

𝔑𝔖.𝑋 (K-4) 

Table K-5 shows the counts for the standard samples corrected by the Equation K-3 

In-115 regression for signal trend according to Equation K-4.   
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Table K-5.  Standard counts corrected by In-115 regression 

std. 
(ppb) 

Counts 

Mn-55 Sr-88 Cs-133 Ba-137 Pb-208 U-238 

0 33230 6474 1096 881 1851 150 

2.5 141732 127914 116687 15426 55109 79293 

0 30299 6619 996 971 1730 150 

2.5 136325 125463 112080 15673 53183 77462 

0 31472 7028 1000 1074 1677 141 

2.5 134060 121573 111430 15711 53257 77171 

0 30239 6654 949 848 1663 142 

2.5 131600 122774 109842 14769 51013 73980 

0 31559 6851 17824 1055 1722 156 

2.5 127484 119252 107029 14361 50492 71346 

5 250772 253616 237079 32090 108555 157535 

10 499224 530427 501213 66834 228230 333096 

A linear regression was conducted for each species using the Table K-2 prepared 

standard concentrations and the dependent variable and the Table K-5 corrected 

counts as the independent variable.  Table K-6 shows the results (all r2 > 0.99) 

used to calculate the sub-sample concentrations.   

Table K-6.  Standard concentration – corrected count linear regressions 

species intercept C0.X (ppb) slope 𝔪𝔖.X (ppb / counts) 

Mn-55 -5.72E-01 2.21E-05 

Sr-88 -2.57E-02 1.97E-05 

Cs-133 4.81E-02 1.94E-05 

Ba-137 -1.42E-02 1.57E-04 

Pb-208 2.02E-02 4.56E-05 

U-238 8.00E-02 3.00E-05 

The concentrations of each species were calculated using the corrected counts from 

Equation K-4 predicted from the regression parameters in Table K-6: 

 𝐶𝔖.𝑋 = 𝑁′𝔖.𝑋 ∙ 𝔪𝔖.𝑋 + 𝐶0.𝑋 (K-5) 

The predicted sub-sample concentrations were corrected for the 2:1 dilution with 

2% HNO3 by dV = 2 to give the original sample concentrations: 

 𝐶′𝔖.𝑋 = 𝑑𝑉𝐶𝔖.𝑋 (K-6) 

The results of Equation K-6 are shown in Table K-7.   
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Table K-7.  ICP-MS species calculated concentrations 

Sample 
Concentration (ppb) 

Mn-55 Sr-88 Cs-133 Ba-137 Pb-208 U-238 

1 24.1 24.6 0.144 6.94 0.261 0.188 

2 20.5 24.2 0.143 6.62 0.243 0.191 

3 36.9 250 0.180 29.7 0.422 0.843 

4 32.0 243 0.171 27.0 0.372 0.813 

5 42.3 123 0.137 101 0.180 0.301 

6 42.6 124 0.137 102 0.265 0.304 

7 20.5 31.2 0.146 14.0 0.194 0.188 

8 20.8 30.8 0.147 13.2 0.176 0.189 

9 80.1 74.5 0.149 40.8 0.230 0.328 

10 56.9 72.1 0.146 38.6 0.238 0.326 

11 24.6 53.6 0.155 27.4 0.251 0.398 

12 24.8 53.3 0.150 26.8 0.196 0.401 

13 8.50 25.4 0.137 11.0 0.218 0.174 

14 9.02 25.6 0.138 11.1 0.213 0.175 

15 36.2 38.4 0.139 12.0 0.311 0.188 

16 34.6 37.2 0.136 11.3 0.306 0.186 

17 21.6 870 0.141 42.9 0.202 0.623 

18 10.0 890 0.141 42.7 0.160 0.640 

19 114.7 433 0.143 44.9 0.445 0.221 

20 82.2 420 0.140 41.2 0.246 0.213 

21 497 298 0.154 130 0.526 1.280 

22 479 285 0.152 125 0.440 1.303 

Table K-8 shows the relative standard deviations of species counts reported by the 

Aurora M90 ICP-MS instrument software.   
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Table K-8.  Aurora M90 ICP-MS species count error 

Sample 
Relative standard deviation (%) 

Mn-55 Sr-88 Cs-133 Ba-137 Pb-208 U-238 

1 0.77 2.11 4.85 1.85 1.74 0.97 

2 2.54 1.00 1.01 1.93 3.01 5.24 

3 1.21 0.43 1.05 0.22 0.80 0.73 

4 0.61 2.64 1.23 0.31 1.88 1.07 

5 1.15 1.88 2.86 0.64 2.57 2.83 

6 1.53 1.52 2.72 0.97 2.02 3.09 

7 1.73 1.41 3.03 1.87 3.54 5.89 

8 1.96 2.32 4.91 1.82 1.71 2.13 

9 4.23 1.29 3.11 0.36 1.12 3.85 

10 1.48 1.23 3.49 2.45 1.52 3.21 

11 0.27 0.65 1.32 1.41 3.63 2.83 

12 0.80 2.42 4.20 1.69 3.77 1.36 

13 0.53 1.46 1.54 1.95 3.88 11.70 

14 2.11 3.32 1.49 2.68 0.35 8.45 

15 0.50 1.81 5.10 2.75 1.69 6.43 

16 1.47 1.44 3.67 1.18 1.49 2.48 

17 0.62 1.79 1.17 0.69 0.73 0.85 

18 0.81 0.99 4.27 1.29 2.27 0.45 

19 1.92 1.40 1.55 2.06 0.63 7.71 

20 2.47 1.03 3.93 0.68 1.99 2.09 

21 0.89 1.02 2.85 1.72 1.04 1.05 

22 0.97 1.75 3.97 1.66 1.31 2.96 

K.2 ALPHA SPECTROMETRY 

The Po-209 detection rate for each sample was from Table K-9 and Table K-10: 

 𝐴𝑃𝑜209𝐷 =
𝔑𝑃𝑜209
𝑡𝐶

 (K-7) 

Stock Po-209 solution had been prepared to 1.86 Bq·mL-1 which was used to spike 

the samples prior to the preparations for plating, giving an activity APo209X: 

• 0.186 Bq, by 100 μL added for the Po-210 plating 

• 0.279 Bq, by 150 μL added for the Po-210 ingrowth from Pb-210 plating 
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The counting efficiency for each sample was from Table K-9 and Table K-10: 

 𝔈𝐶 =
𝐴𝑃𝑜209𝐷
𝐴𝑃𝑜209𝑋

 (K-8) 

The Po-210 detection rate for each sample corrected for background was from 

Table K-9 and Table K-10: 

 𝐴𝑃𝑜210𝐷 =
𝔑𝑃𝑜210 −𝔑𝑃𝑜210𝐵

𝑡𝐶
 (K-9) 

The activity of Po-210 corrected for efficiency at the time of counting was from 

Equations K-8 and K-9 (assigned as APo210E1 from Table K-9 and APo210E2 from Table 

K-10): 

 𝐴𝑃𝑜210𝐸 =
𝐴𝑃𝑜210𝐷
𝔈𝐶

 (K-10) 

The number of a radionuclide N initially N0 is after time t due to decay (BOURDON, 

2003): 

 N = 𝑁0𝑒
−𝜆𝑡 (K-11) 

The activity or rate of change is a proportion of the decay constant λ = ln2/t1/2 and 

the number of a radionuclide (BOURDON, 2003): 

 A =
𝑑𝑁

𝑑𝑡
= −𝜆𝑁 (K-12) 

The activity of a radionuclide A initially A0 is after time t due to decay from 

Equations K-11 and K-12: 

 A = 𝐴0𝑒
−𝜆𝑡 (K-13) 

The activity of Po-210 corrected for decay from the first plating to the first counting 

was from Equation K-10, and Equation K-13 using APo210E calculated from Table K-9: 

 𝐴𝑃𝑜210𝑃1 =
𝐴𝑃𝑜210𝐸1

𝑒−𝜆𝑃𝑜210(𝑡2−𝑡1)
 (K-14) 

The activity of Po-210 corrected for decay from the second plating to the second 

counting was from Equation K-10, and Equation K-13 using APo210E calculated from 

Table K-10: 

 𝐴𝑃𝑜210𝑃2 =
𝐴𝑃𝑜210𝐸2

𝑒−𝜆𝑃𝑜210(𝑡4−𝑡3)
 (K-15) 
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The number of a radionuclide N2 initially N20 is after time t due to decay and 

ingrowth from the parent radionuclide having number initially N10 (BOURDON, 

2003): 

 𝑁2 =
𝜆1

𝜆2 − 𝜆1
𝑁10(𝑒

−𝜆1𝑡 − 𝑒−𝜆2𝑡) + 𝑁20𝑒
−𝜆2𝑡 (K-16) 

The activity of a radionuclide A2 initially A20 was after time t due to decay and 

ingrowth from the parent radionuclide having number initially A10 from Equations K-

12 and K-16: 

 𝐴2 =
𝜆2

𝜆2 − 𝜆1
𝐴10(𝑒

−𝜆1𝑡 − 𝑒−𝜆2𝑡) + 𝐴20𝑒
−𝜆2𝑡 (K-17) 

The activity of Pb-210 at the first plating when the activity of Po-210 was depleted 

to the second plating by ingrowth of Po-210 was from Equations K-15 and K-17: 

 𝐴10 =
(𝜆2 − 𝜆1)𝐴2

𝜆2(𝑒
−𝜆1𝑡 − 𝑒−𝜆2𝑡)

 (K-18) 

 
𝐴𝑃𝑏210𝑃1 =

(𝜆𝑃𝑜210 − 𝜆𝑃𝑏210)𝐴𝑃𝑜210𝑃2

𝜆𝑃𝑜210(𝑒
−𝜆𝑃𝑏210(𝑡3−𝑡1) − 𝑒−𝜆𝑃𝑜210(𝑡3−𝑡1))

 
(K-19) 

The activity of Pb-210 at sampling to the first plating was from Equations K-13 and 

K-19: 

 𝐴𝑃𝑏210𝑆 =
𝐴𝑃𝑏210𝑃1

𝑒−𝜆𝑃𝑏210(𝑡1−𝑡0)
 (K-20) 

The activity of Po-210 at sampling to the first plating by decay and ingrowth from 

Pb-210 was from Equations K-14, K-17 and K-20: 

 𝐴20 = 𝐴2𝑒
𝜆2𝑡 +

𝜆2
𝜆2 − 𝜆1

𝐴10(1 − 𝑒
(𝜆2−𝜆1)𝑡) (K-21) 

 𝐴𝑃𝑜210𝑆 = 𝐴𝑃𝑜210𝑃1𝑒
𝜆𝑃𝑜210(𝑡1−𝑡0)

+
𝜆𝑃𝑜210

𝜆𝑃𝑜210 − 𝜆𝑃𝑏210
𝐴𝑃𝑏210𝑆(1 − 𝑒

(𝜆𝑃𝑜210−𝜆𝑃𝑏210)(𝑡1−𝑡0)) 

(K-22) 

Table K-11 shows the results from Equations K-20 and K-22, the sample mass and 

the resulting concentrations of the original samples.  The concentration uncertainty 

was calculated from the Poisson distribution expected value ℰ[X] = λ and variance 

var[X] = λ (MOOD, 1973) as the standard deviation of counts √𝐷 as a proportion of 

counts D.   
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Table K-9.  Alpha counting of Po-210 – set 1 

SAMPLE 
SAMPLE PLATE 1 COUNT 1 TIME (s) COUNTS 

t0 t1 t2 tC 𝔑Po210B 𝔑Po209 𝔑Po210 

1 2016-Jul-16 2016-Sep-15 2016-Sep-19 193,155 1 3286 595 

2 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,166 8 3491 822 

3 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,165 7 6086 507 

4 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,175 4 5712 454 

5 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,179 6 2917 245 

6 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,174 2 4218 459 

7 2016-Jul-17 2016-Sep-15 2016-Sep-19 193,129 5 5230 895 

8 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,185 1 1410 263 

9 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,175 8 2260 437 

10 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,165 7 1828 368 

11 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,154 4 1366 148 

12 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,146 6 1294 174 

13 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,140 2 1955 434 

14 2016-Jul-17 2016-Sep-15 2016-Sep-20 84,101 5 1905 364 

17 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,386 1 2514 193 

18 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,415 8 2006 119 

19 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,444 7 1430 214 

20 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,444 4 1136 110 

21 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,464 6 1656 396 

22 2016-Jul-20 2016-Sep-15 2016-Sep-21 95,539 2 2030 440 
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Table K-10.  Alpha counting of Po-210 by ingrowth from Pb-210 – set 1 

SAMPLE 
PLATE 2 COUNT 2 TIME (s) COUNTS 

t3 t4 tC 𝔑Po210B 𝔑Po209 𝔑Po210 

1 2017-Jan-19 2017-Feb-08 126,973 1 5823 175 

2 2017-Jan-19 2017-Feb-08 126,861 8 6123 215 

3 2017-Jan-19 2017-Feb-08 126,863 7 7446 242 

4 2017-Jan-19 2017-Feb-08 126,860 4 6461 197 

5 2017-Jan-19 2017-Feb-08 126,861 6 5682 56 

6 2017-Jan-19 2017-Feb-08 126,859 2 6711 164 

7 2017-Jan-19 2017-Feb-08 126,858 5 6281 225 

8 2017-Jan-19 2017-Feb-10 183,524 1 9443 196 

9 2017-Jan-19 2017-Feb-10 183,528 8 10867 365 

10 2017-Jan-19 2017-Feb-10 183,517 7 10568 435 

11 2017-Jan-19 2017-Feb-10 183,514 4 8826 160 

12 2017-Jan-19 2017-Feb-10 183,514 6 7102 113 

13 2017-Jan-19 2017-Feb-10 183,497 2 8842 336 

14 2017-Jan-19 2017-Feb-10 183,497 5 8565 294 

17 2017-Jan-19 2017-Feb-12 159,730 1 8152 124 

18 2017-Jan-19 2017-Feb-12 159,741 8 7735 54 

19 2017-Jan-19 2017-Feb-12 159,736 7 8128 158 

20 2017-Jan-19 2017-Feb-12 159,733 4 8256 71 

21 2017-Jan-19 2017-Feb-12 159,730 6 6448 506 

22 2017-Jan-19 2017-Feb-12 159,728 2 8044 582 

Table K-11.  Concentrations of Pb-210 and Po-210 – set 1 

SAMPLE 

ACTIVITY (mBq) SAMPLE 

MASS 

(kg) 

CONCENTRATION (mBq·L-1) 

Pb-210 Po-210 Pb-210 Po-210 

Eq. K-20 Eq. K-22 

1 1.99 3.95 13.3 1.49±0.11 2.96±0.12 

2 2.25 5.19 19.0 1.19±0.08 2.74±0.10 

3 2.10 1.37 18.2 1.15±0.07 0.75±0.03 

4 1.99 1.32 16.9 1.18±0.08 0.78±0.04 

5 0.59 1.89 19.2 0.30±0.04 0.99±0.06 

6 1.61 2.21 19.6 0.82±0.06 1.13±0.05 

7 2.33 3.55 19.1 1.22±0.08 1.85±0.06 

8 1.39 4.30 20.6 0.67±0.05 2.09±0.13 

9 2.21 4.12 18.8 1.18±0.06 2.19±0.11 

10 2.73 4.13 20.0 1.37±0.07 2.07±0.11 

11 1.19 2.30 18.7 0.64±0.05 1.23±0.10 

12 1.01 2.99 19.9 0.51±0.05 1.50±0.11 

13 2.54 4.80 19.9 1.28±0.07 2.42±0.12 

14 2.27 4.06 18.8 1.21±0.07 2.16±0.11 

17 1.03 1.61 19.5 0.53±0.05 0.83±0.06 

18 0.40 1.28 19.1 0.21±0.03 0.67±0.06 

19 1.26 3.28 18.2 0.69±0.06 1.80±0.12 

20 0.55 2.20 18.2 0.30±0.04 1.21±0.12 

21 5.27 4.27 18.1 2.90±0.13 2.35±0.12 

22 4.90 3.89 20.1 2.43±0.10 1.93±0.09 
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K.3 SUPPLEMENTARY DATA 

Table K-2 shows all sample locations comprising sets 1, 2 and 3 detailed in Table 27 

and Table K-12.  Table K-13 indicates the sample dates and alpha counting 

statistics.  No further processing of the results is presented due to the failure to 

obtain second plating results for determination of Pb-210 by ingrowth.  The original 

Po-210 counts could not be corrected for the Pb-210 ingrowth contribution between 

first sampling and plating.   

 

Figure K-2.  Ottawa River and Gull River watershed sample locations 
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Table K-12.  Ottawa River and Gull River sampling locations – sets 2, 3 

sample waterway 
sampling location 

latitude longitude 

23 Grant's Creek 46°12ʹ41ʺ 77°55ʹ34ʺ 

24 Grant's Creek 46°12ʹ41ʺ 77°55ʹ34ʺ 

25 Hurd's Creek 45°32ʹ24ʺ 77°07ʹ18ʺ 

26 Hurd's Creek 45°32ʹ24ʺ 77°07ʹ18ʺ 

27 Little Mississippi River 45°14ʹ21ʺ 77°34ʹ24ʺ 

28 Little Mississippi River 45°14ʹ21ʺ 77°34ʹ24ʺ 

29 Pleasant Valley Creek 45°46ʹ08ʺ 76°47ʹ39ʺ 

30 Pleasant Valley Creek 45°46ʹ08ʺ 76°47ʹ39ʺ 

31 Carp River 45°28ʹ55ʺ 76°13ʹ19ʺ 

32 Carp River 45°28ʹ55ʺ 76°13ʹ19ʺ 

33 Burnt River 44°55ʹ43ʺ 78°35ʹ41ʺ 

34 Drag River 44°55ʹ41ʺ 78°37ʹ59ʺ 

35 Burnt River 44°52ʹ58ʺ 78°36ʹ51ʺ 

36 Burnt River 44°47ʹ12ʺ 78°39ʹ27ʺ 

37 Burnt River 44°35ʹ54ʺ 78°44ʹ18ʺ 

38 Burnt River 44°40ʹ52ʺ 78°41ʹ15ʺ 

39 Irondale River 44°52ʹ30ʺ 78°31ʹ18ʺ 

40 Irondale River 44°54ʹ20ʺ 78°22ʹ48ʺ 

41 Irondale River 44°59ʹ02ʺ 78°13ʹ13ʺ 

42 Grant's Creek 46°12ʹ41ʺ 77°55ʹ34ʺ 

43 Grant's Creek 46°12ʹ41ʺ 77°55ʹ34ʺ 

44 Pleasant Valley Creek 45°46ʹ08ʺ 76°47ʹ39ʺ 

45 Pleasant Valley Creek 45°46ʹ08ʺ 76°47ʹ39ʺ 

46 Carp River 45°28ʹ55ʺ 76°13ʹ19ʺ 

47 Carp River 45°28ʹ55ʺ 76°13ʹ19ʺ 
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Table K-13.  Alpha counting of Po-210 – sets 2, 3 

SAMPLE 
SAMPLE PLATE 1 COUNT 1 TIME (s) COUNTS 

t0 t1 t2 tC 𝔑Po210B 𝔑Po209 𝔑Po210 

23 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,835 1 283 66 

24 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,771 8 157 43 

25 2016-Sep-24 2017-Jan-06 2017-Jan-17 80,330 6 837 60 

26 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,429 4 1530 106 

27 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,723 6 898 98 

28 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,709 2 1331 176 

29 2016-Sep-24 2017-Jan-06 2017-Jan-10 114,694 5 1533 214 

30 2016-Sep-24 2017-Jan-06 2017-Jan-14 174,366 1 1818 285 

31 2016-Sep-27 2017-Jan-06 2017-Jan-14 174,383 8 2332 96 

32 2016-Sep-27 2017-Jan-06 2017-Jan-14 174,398 7 1774 79 

33 2016-Nov-19 2017-Jan-06 2017-Jan-14 174,417 4 1426 217 

34 2016-Nov-19 2017-Jan-06 2017-Jan-14 174,424 6 1382 232 

35 2016-Nov-19 2017-Jan-06 2017-Jan-14 174,456 2 1961 257 

36 2016-Nov-19 2017-Jan-06 2017-Jan-14 174,465 5 2462 258 

37 2016-Nov-19 2017-Jan-06 2017-Jan-16 165,922 1 2736 359 

38 2016-Nov-19 2017-Jan-06 2017-Jan-16 165,932 8 2923 457 

39 2016-Nov-19 2017-Jan-06 2017-Jan-16 165,923 7 2283 489 

40 2016-Nov-19 2017-Jan-06 2017-Jan-16 165,914 4 2243 443 

41 2016-Nov-19 2017-Jan-06 2017-Jan-16 165,909 6 2438 682 

42 2016-Nov-20 2017-Jan-06 2017-Jan-16 165,908 2 360 98 

43 2016-Nov-20 2017-Jan-06 2017-Jan-16 165,909 5 391 114 

44 2016-Nov-20 2017-Jan-06 2017-Jan-17 80,355 1 802 215 

45 2016-Nov-20 2017-Jan-06 2017-Jan-17 80,228 8 1133 357 

46 2016-Nov-20 2017-Jan-06 2017-Jan-17 80,350 7 600 62 

47 2016-Nov-20 2017-Jan-06 2017-Jan-17 80,339 4 1037 121 
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L Symbols 

Table L-1.  List of symbols 

Symbol Unit Description 

Ad L2 area of lake drainage (watershed) 

ALA L2 area of water body 

APb210P1 N Pb-210 activity at first plating 

APb210S N Pb-210 activity at sampling 

APo209D N Po-209 detection rate 

APo209X N Po-209 stock spiked activity 

APo210D N Po-210 detection rate above background 

APo210E N Po-210 activity at counting 

APo210P1 N Po-210 activity at first plating 

APo210P2 N Po-210 activity at second plating 

APo210S N Po-210 activity at sampling 

ASE L2 area of sediment 

CA N·L-3 concentration in air on aerosol 

CAB N·L-3 concentration in bulk air 

CE N·L-3 concentration in epilimnion 

CH N·L-3 concentration in hypolimnion 

CG N·L-3 concentration in air as a gas 

CI N·L-3 concentration in inflow, dissolved 

CL N·L-3 concentration, limit of detection 

CM N·L-3 concentration in rain 

CN N·L-3 concentration in sediment, pore water 

COA N·L-3 concentration in air on aerosol - input (observed) 

COI N·L-3 concentration in inflow – input (observed) 

COM N·L-3 concentration in rain – input (observed) 

COP N·L-3 concentration in water, SPM – input (observed) 

COS N·L-3 concentration in sediment, solids – input (observed) 

COW N·L-3 concentration in water, dissolved – input (observed) 

COWP N·L-3 concentration in water, total – input (observed) 

CP N·L-3 concentration in water, SPM 

CPA M·L-3 concentration of aerosol 

CPI N·L-3 concentration in inflow, SPM 

CPL M·L-3 concentration of aerosol 
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Symbol Unit Description 

CPLL M·L-3 concentration of inflow SPM, lake 

CQ N·L-3 concentration, limit of quantification 

CS N·L-3 concentration in sediment, solids 

CSB N·L-3 concentration in bulk sediment 

C𝔖.X N·L-3 Species X concentration from calibration 

C′𝔖.X N·L-3 Species X concentration from calibration, undiluted 

C𝔖.0 N·L-3 Species X calibration intercept 

CW N·L-3 concentration in water, dissolved 

CWB N·L-3 concentration in bulk water 

dE L depth of epilimnion 

dH L depth of hypolimnion 

dLA L depth of harbour 

dSE L depth of sediment 

dV unitless dilution factor 

DB L3·T-1 transport parameter, burial 

DC L3·T-1 transport parameter, wet deposition 

DD L3·T-1 transport parameter, SPM deposition 

DI L3·T-1 transport parameter, inflow of water 

DJ L3·T-1 transport parameter, outflow of water 

DEH L3·T-1 transport parameter, epilimnion/hypolimnion 

DEHP L3·T-1 transport parameter, SPM epilimnion-hypolimnion 

DHEP L3·T-1 transport parameter, SPM hypolimnion-epilimnion 

DLEI L3·T-1 transport parameter, dissolved lake-epilimnion 

DLEX L3·T-1 transport parameter, SPM lake-epilimnion 

DLHI L3·T-1 transport parameter, dissolved lake-hypolimnion 

DLHX L3·T-1 transport parameter, SPM lake-hypolimnion 

DM L3·T-1 transport parameter, rain 

DQ L3·T-1 transport parameter, dry deposition 

DR L3·T-1 transport parameter, resuspension 

DT L3·T-1 transport parameter, diffusion water/sediment 

DTS L3·T-1 transport parameter, diffusion water-sediment 

DTW L3·T-1 transport parameter, diffusion sediment-water 

DV L3·T-1 transport parameter, volatilization water/air 

DX L3·T-1 transport parameter, inflow of SPM 

DY L3·T-1 transport parameter, outflow of SPM 
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Symbol Unit Description 

DλW L3·T-1 transport parameter, decay in water 

DλS L3·T-1 transport parameter, decay in sediment 

EW M·L-3 emission to water 

fAV unitless volume fraction of aerosol 

fC unitless fraction of watershed atm. dep. to lake 

fC.Po unitless Po-210 fraction of watershed atm. dep. to lake 

fPW unitless mol fraction adsorbed on SPM in water 

fOS unitless mass fraction dissolved in sediment (pore water) 

fSV unitless volume fraction of sediment particles 

fWD unitless mass fraction in water, dissolved 

fWP unitless mass fraction in water, adsorbed on SPM 

fWV unitless volume fraction of SPM 

fWVL unitless volume fraction of SPM, Lake Ontario 

FS M·L-2·T-1 flux adsorbed on SPM, settling 

FR M·L-2·T-1 flux adsorbed on SPM, resuspension 

FB M·L-2·T-1 flux of sediment particles, burial 

H L2·T-2 Henry’s Law (mass) solubility constant 

IC N L-2·T-1 flux of Pb-210 to lake from watershed 

IT N L-2·T-1 flux of Pb-210 to lake, total 

IW N watershed inventory 

IW.Pb N Pb-210 watershed inventory 

IW.Po N Po-210 watershed inventory 

kHE L·T-1 mass transfer coefficient: thermocline 

kT L·T-1 mass transfer coefficient: water/sediment 

kTS L·T-1 mass transfer coefficient: water-sediment 

kTW L·T-1 mass transfer coefficient: sediment-water 

kV L·T-1 mass transfer coefficient: net air/water 

kVA L·T-1 mass transfer coefficient: air-side 

kVW L·T-1 mass transfer coefficient: water-side 

Kd L3·M-1 distribution coefficient, sediment 

Kd´ L3·M-1 distribution coefficient, sediment (observed / input) 

Kp L3·M-1 distribution coefficient, SPM 

mWP.Pb M mass of Pb adsorbed on SPM 

mWD.Pb M mass of Pb dissolved in water 

mW.Pb M mass of Pb total in water 
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Symbol Unit Description 

mS M mass of sediment 

mS.Pb M mass of Pb total in sediment 

ṁLEX M·T-1 mass rate inflow lake-epilimnion 

ṁLHX M·T-1 mass rate inflow lake-hypolimnion 

ṁHX M·T-1 mass rate inflow land-harbour 

ṁHLY M·T-1 mass rate outflow epilimnion-lake 

M M·N-1 molar mass 

n N mols 

ṅIN N·T-1 mol rate in 

ṅOUT N·T-1 mol rate out 

P M·L·T-2 pressure 

PV M·L-1·T-2 liquid vapour pressure 

qB N·T-1 process rate, burial 

qC N·T-1 process rate, wet deposition 

qD N·T-1 process rate, SPM deposition 

qI N·T-1 process rate, inflow of water 

qJ N·T-1 process rate, outflow of water 

qEH N·T-1 process rate, epilimnion-hypolimnion 

qHE N·T-1 process rate, hypolimnion-epilimnion 

qEHP N·T-1 process rate, SPM epilimnion-hypolimnion 

qHEP N·T-1 process rate, SPM hypolimnion-epilimnion 

qLEI N·T-1 process rate, dissolved lake-epilimnion 

qLEX N·T-1 process rate, SPM lake-epilimnion 

qLHI N·T-1 process rate, dissolved lake-hypolimnion 

qLHX N·T-1 process rate, SPM lake-hypolimnion 

qM N·T-1 process rate, rain 

qQ N·T-1 process rate, dry deposition 

qR N·T-1 process rate, resuspension 

qTS N·T-1 process rate, diffusion water-sediment 

qTW N·T-1 process rate, burial sediment-water 

qVA N·T-1 process rate, volatilization water-air 

qVW N·T-1 process rate, volatilization air-water 

qX N·T-1 process rate, inflow of SPM 

qY N·T-1 process rate, outflow of SPM 

qWA N·T-1 atmospheric deposition to the watershed 
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Symbol Unit Description 

qWA.Po N·T-1 Po-210 atmospheric deposition to the watershed 

qWG N·T-1 input from geological source in watershed 

qλW N·T-1 process rate, decay in water 

qλS N·T-1 process rate, decay in sediment 

QB L3·T-1 volumetric rate, burial 

QC L3·T-1 volumetric rate, wet deposition 

QD L3·T-1 volumetric rate, SPM deposition 

QI L3·T-1 volumetric rate, inflow of water 

QJ L3·T-1 volumetric rate, outflow of water 

QEH L3·T-1 volumetric rate, diffusion across thermocline 

QHE L3·T-1 volumetric rate, dissolved hypolimnion-epilimnion 

QHEP L3·T-1 volumetric rate, SPM hypolimnion-epilimnion 

QLEI L3·T-1 volumetric rate, dissolved lake-epilimnion 

QLEX L3·T-1 volumetric rate, SPM lake-epilimnion 

QLHI L3·T-1 volumetric rate, dissolved lake-hypolimnion 

QLHX L3·T-1 volumetric rate, SPM lake-hypolimnion 

QM L3·T-1 volumetric rate, rain 

QQ L3·T-1 volumetric rate, dry deposition 

QR L3·T-1 volumetric rate, resuspension 

QTS L3·T-1 volumetric rate, diffusion water-sediment 

QTW L3·T-1 volumetric rate, burial sediment-water 

QV L3·T-1 volumetric rate, volatilization water-air 

QVA L3·T-1 volumetric rate, volatilization water-air 

QVW L3·T-1 volumetric rate, volatilization air-water 

QX L3·T-1 volumetric rate, inflow of SPM 

QY L3·T-1 volumetric rate, outflow of SPM 

QλW L3·T-1 volumetric rate, decay in water 

QλS L3·T-1 volumetric rate, decay in sediment 

R M·L2·N-1·T-2·θ-1 ideal gas law constant 

S M·L-3 chemical solubility 

TW θ temperature of water 

vAD L·T-1 aerosol deposition rate 

vRA L·T-1 rain rate 

vS L·T-1 apparent settling velocity 

VLA L3 volume of lake 
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Symbol Unit Description 

VN L3 volume of sediment pore water 

VS L3 volume of sediment solids 

VW L3 volume of water 

Wg unitless rain scavenging ratio 

Z T2·L-2 fugacity capacity 

I unitless standard deviation of input 

O unitless standard deviation of output 

0 unitless standard deviation of blank counts 

ρA M·L-3 density of air 

ρS M·L-3 density of sediment 

ρW M·L-3 density of SPM 

ρWL M·L-3 density of SPM in Lake Ontario 

λ T-1 radioactive decay constant 

λh T-1 radioactive decay constant (hours) 

λPb T-1 Pb-210 radioactive decay constant 

λPo T-1 Po-210 radioactive decay constant 

τTW T removal residence time from water by sedimentation 

τT T removal residence time from water by all processes 

τW T watershed mean erosional residence time 

τW.Pb T watershed Pb-210 mean erosional residence time 

τW.Po T watershed Po-210 mean erosional residence time 

𝔈C unitless Po-210 counting efficiency 

𝒥A N L-2·T-1 flux from atmospheric deposition 

𝒥S N L-2·T-1 flux to sediment from SPM deposition 

𝓀 T-1 sedimentation rate constant 

𝔑Po209 # Po-209 sample counts 

𝔑Po210 # Po-210 sample counts 

𝔑Po210B # Po-210 blank counts 

𝔑𝔖.In115 # In-115 counts at sample sequence 𝔖 

𝔑𝔖.In115 # In-115 count regression prediction 

𝔑𝔖.X # Species X counts at sample sequence 𝔖 

𝔑′𝔖.X # Species X counts at sample sequence 𝔖, corrected 

𝓇 T-1 hydraulic rate constant 

ℛ unitless fraction of total water input retained in sediment 

𝒮 unitless sensitivity 
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Symbol Unit Description 

𝔣 M·L-1·T-2 fugacity 

𝔨 unitless standard deviation of blank counts confidence level 

𝔪 L3·M-1 slope (sensitivity) of calibration plot 

𝔪𝔖.X N·L-3·#-1 slope of species X standard concentration by counts 

𝔖 # count sequence 

𝔸A M·L-3 aquivalence, air 

𝔸E M·L-3 aquivalence, epilimnion 

𝔸H M·L-3 aquivalence, hypolimnion 

𝔸S M·L-3 aquivalence, sediment 

𝔸W M·L-3 aquivalence, water 

𝔸WI M·L-3 aquivalence, water inflow 

𝔸WIL M·L-3 aquivalence, water inflow, Lake Ontario 

ℤA unitless aquivalence capacity, air 

ℤQ unitless aquivalence capacity, aerosol 

ℤP unitless aquivalence capacity, SPM 

ℤPL unitless aquivalence capacity, SPM in Lake Ontario 

ℤS unitless aquivalence capacity, particles in sediment 

ℤW unitless aquivalence capacity, water 

ℤ′W unitless aquivalence capacity, water (corrected) 

ℤAT unitless aquivalence capacity, bulk air 

ℤIT unitless aquivalence capacity, bulk inflow 

ℤITL unitless aquivalence capacity, bulk inflow Lake Ontario 

ℤWT unitless aquivalence capacity, bulk water 

ℤST unitless aquivalence capacity, bulk sediment 
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