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ABSTRACT 

 
Groundwater as a source of high iodine levels in milk in eastern and 

southwestern Ontario dairy herds. 

Courtney Rogerson                                                                           Advisor: 

University of Guelph, 2018                                                               Dr. David F. Kelton 

 
The work described in this thesis was conducted to evaluate if groundwater 

containing naturally high levels of iodide, consumed by lactating cows, contributes to 

increased levels of iodine in bulk tank milk. The study included 80 dairy herds in eastern 

(n=58) and southwestern (n=22) Ontario with consistently low, elevated, or high bulk 

milk iodine (BMI) levels. The first study objective was to evaluate the variation in BMI 

levels, and identify potential explanatory variables that may contribute to increased milk 

iodine levels on farms. Results of this analysis indicate that higher iodide content in 

groundwater is significantly associated with BMI concentration. In addition, BMI content 

was associated with the coverage goal of post-milking disinfectants on teats, and iodine 

content of feed.     

The second objective was to evaluate the isotopic composition of iodine in bulk 

tank milk (BTM) produced and the water consumed by the lactating herds, and to 

compare the respective isotopic 129I/127I ratios to determine if groundwater is a major 

contributing source of iodine in BTM. The isotopic fingerprint of raw milk and 

groundwater consumed by lactating cattle contained similar radiogenic and geogenic 

identities, further indicating that BMI levels can be altered by iodine inputs from 

groundwater consumed by the milking herd. Overall, the current field-based study 

provides strong evidence that groundwater is a significant contributing source of iodine to 

BTM in dairy herds located in eastern and southwestern Ontario. 
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CHAPTER	  1:	  Iodine	  in	  Milk:	  A	  Literature	  Review	  of	  Environmental	  Sources,	  
Livestock	  Dietary	  Requirements,	  and	  its	  Metabolic	  Pathway	  into	  Milk	  	  	  

INTRODUCTION 

Iodine is a natural constituent of milk and its concentration in dairy products is of 

significant nutritional importance as the majority of one’s dietary iodine requirements are 

met through the consumption of milk and other dairy products (Frank et al., 1982). While 

serving as an essential trace element in the diets of humans and animals alike, managing 

iodine as a nutrient is delicate since severe iodine deficiency or excess can increase the 

predisposition to hypo- or hyperthyroidism (Flachowsky et al., 2014). With milk of 

ruminants serving as a major dietary iodine source to humans globally, excessive milk 

iodine concentrations pose a potential health threat to consumers. A rising trend in the 

milk iodine concentration of raw and saleable milk in Canada has been documented, with 

particularly high concentrations reported in Ontario (Castro et al., 2010).  Research has 

been directed at identifying important risk factors for high iodine milk, focused on 

various consumable bovine feeds, and pre- and post-milking disinfectants; however, little 

research has investigated if groundwater consumed by lactating dairy cows is a 

significant contributor to high iodine in milk. In an effort to prevent the increase of milk 

iodine concentrations and ultimately prevent over consumption of the trace element 

through milk and other dairy products it is important not to overlook groundwater’s 

potential contribution to milk iodine levels, since water comprises 86% of milk’s content 

(Lopez, 2005). 
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LITERATURE REVIEW 

Milk Quality 

Bovine milk and dairy products are one of the leading nutritional sources of 

iodine for humans, and contribute over 50% of the dietary iodine allowance (Franke et 

al., 1982; Flachowsky et al., 2014). Iodine is an essential trace mineral required in the 

diets of all mammalian species, and is known primarily for its important role in thyroid 

hormone production. Meeting dietary iodine requirements is paramount since deficiencies 

are associated with goitre, causing visually enlarged thyroid glands in both humans and 

animals alike (Underwood and Suttle, 1999; Flachowsky et al., 2014). Globally, an 

estimated 2 billion people remain at risk of iodine deficiency due to insufficient iodine 

consumption (Li and Eastman, 2012). However, in some countries there may be cause for 

concern regarding the potential for over-consumption of dietary iodine. In 2005, the 

World Health Organization (WHO) recognized 29 countries, including all of the 

Americas, with dietary iodine consumption levels that were either beyond adequate 

(urinary iodine (UI) level of 200-299 µg/l), or excessive (UI ≥ 300 µg/l) (Anderson et al., 

2005). 

On average, milk sold in Canadian retail stores contains 304±8.4 µg of iodine/kg, 

with an average of 345 µg of iodine/kg for Ontario milk (Castro et al., 2010). This 

elevated level of iodine in Ontario milk has also been recognized in testing of bulk tank 

milk from Canadian farms. Due to the narrow margin of safety for tolerable iodine intake, 

this rise in milk iodine content has led to the implementation of a surveillance program 

for iodine in saleable milk. With an aim to prevent the trend of increasing iodine content 

in Canadian milk, the dairy industry has adopted raw milk iodine limits, as part of a farm 
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level milk-iodine monitoring program. The Dairy Farmers of Ontario (DFO) regularly 

test tanker loads of milk for iodine content, and if a positive load is detected, all 

individual farm samples that contribute to the positive load (≥ 300 µg/L) are “flagged” 

for trace back testing. Farms contributing raw milk with high iodine content (≥ 500 µg/L) 

are identified and notified, and encouraged to find a solution to reduce the iodine content 

in their milk (Dairy Farmers of Ontario, 2015).  

The concentration of iodine in raw milk is influenced by a variety of factors 

including intake of feedstuffs, mineral supplementation, as well as milking management 

through the use, application and removal strategies of anthropogenic compounds like 

iodophors or iodine containing teat dips (Castro et al., 2011; Castro et al., 2012; 

Flachowsky et al., 2014). Interestingly, in spite of milking management and feeding 

corrections aimed at reducing exposure to iodine, some farms continue to produce milk 

with elevated or high milk iodine levels.  

Dietary Iodine Requirements 

In food producing animals, dietary iodine is one of the most overlooked yet vital 

endocrine minerals required for proper operation of many organ systems, and more 

notable, serving as an integral component of the thyroid hormones, thyroxine (T4) and 

3,5,3’-triiodothyronine (T4) (Fox, 1995; Fuquay et al., 2011). These hormones play 

crucial roles in animals as regulators of energy metabolism (cell activity), fetal 

reproductive development and growth (Underwood and Suttle, 1999). In order to 

maintain normal thyroid hormone synthesis and prevent the manifestation of 

abnormalities caused by inadequate or excessive iodine supply, dietary requirements 

must be met (WHO, 1997). In ruminants, iodine is made available predominantly through 
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the consumption of many feedstuffs including forage, water, feed additives, commercial 

concentrate feeds or animal and plant byproducts (Miller, 2012). 

Iodine requirements can be influenced by age, gender, physiological stage, 

bioavailability, goitrogens and other interfering factors (US Food and Nutrition Board 

Institute of Medicine, 2001; Miller, 2012). On average, iodine concentrations in the 

mammalian body ranges from 50-200 µg/kg of weight with variations depending on the 

content and availability of iodine in the diet (Georgievskii et al., 1981). Among scientific 

advisory committees, the dietary iodine requirements of food producing animals range 

between 0.15 and 0.8 mg/kg of dry matter intake (DMI) respectively. The National 

Research Council (NRC) recommends dietary iodine requirements (mg/kg diet) for dairy 

cattle including 0.25 mg/kg during growth and 0.5 at lactation (NRC, 1980; NRC, 2001). 

An adult cow deficient in iodine may show signs of enlarged thyroid glands, increased 

morbidity or decreased fertility (males and females).  However, in most cases the 

neonatal calf born to a deficient cow often provides the first indication of a deficiency. 

Fetal death may occur during gestation, or calves may be born weak, hairless or stillborn 

(NRC, 1980; NRC, 2001).  

The production of thyroid hormones utilizes roughly 0.4, 1.3 and 1.5 mg of 

iodine/day in a 40 kg calf, 400 kg non-pregnant heifer, and a late gestating cow (NRC, 

2001). The incorporation of iodine into thyroid hormones is directly influenced by intake; 

where the hyperplastic thyroid in severely deficient cases may bind up to 65% of dietary 

iodine, and when dietary intake is marginal or in excess, 30% and less than 20% will be 

integrated into the thyroid hormones (NRC, 2001). Dairy cattle require more iodine in 

their diets during late gestation and lactation as it is critical to the health and development 
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of the fetus, and the thyroid hormone production rises requiring greater incorporation of 

the trace mineral by levels of 4 or 4.5 mg of iodine/day postpartum (NRC, 2001). Dietary 

requirements are also increased during late gestation and lactation as roughly 10 percent 

of iodine consumed is excreted naturally into milk and this percent is likely to increase 

with greater milk production (Miller et al., 1975; NRC, 1980). 

The lactating dairy cow’s diet must be formulated with caution because some 

compounds may interfere with thyroid hormone synthesis or secretion. Cyanogenic 

glucosides and goitrins are goitrogens and contain anti-thyroid agent properties that 

interfere with the production and secretion of thyroid hormones (NRC, 1980; NRC, 

2001). Comparatively, supplementing iodine beyond 0.5 mg/kg diet may lead to toxicity 

in cattle with visual symptoms such as salivation, excessive ocular or nasal discharge, 

and decreased milk production (NRC, 2001). The intensified supplementation of iodized 

mineral mixtures contributes most of the dietary iodine in many dairy rations (Castro et 

al., 2011). It is essential to restrict high iodine content in a dairy cow’s diet since humans 

have a considerably lower threshold for developing iodine thyrotoxicosis compared to 

cows, and this poses a concern for human health. 

Iodine Absorption, Metabolism and Excretion  

Iodine most readily enters the cow through dietary ingestion in the form of 

organic iodine, iodate or iodide. Following ingestion, organic iodine is converted to 

iodide, and then is rapidly and almost completely absorbed by the gastrointestinal tract 

(Brown-Grant, 1961; Li and Eastman, 2012; Venturi and Venturi, 2009). The small 

intestine in non-ruminants is the major absorptive site of iodous compounds, while in 

ruminant species the rumen is the principle absorptive site (Brown-Grant, 1961; NRC, 
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1980; Venturi and Venturi, 2009). Cattle absorb 70 to 90% of their dietary iodine directly 

in the rumen, reticulum and omasum; however, iodine that is secreted prior to reaching 

these absorptive sites undergoes recycling via secretion into the abomasum (Miller et al., 

1975; Underwood and Suttle, 1999). It has been approximated that cattle secrete iodide 

from their abomasum at 18 times their absorptive rate (Miller et al., 1975).  Figure 1.1 

depicts the current understanding of iodine metabolism in the dairy cow (Miller et al., 

1975; Georgievskii et al., 1981; Li and Eastman, 2012). 

Upon absorption, iodide is transported loosely bound to plasma proteins (protein 

bound iodine; PBI) in the bloodstream and rapidly distributed among various organs in 

the body, where the plasma iodide rapidly exchanges with iodide in red blood cells in 

various extracellular compartments (Cavalieri, 1997; Underwood and Suttle, 1999). The 

active uptake of iodide is mediated by the sodium-iodide symporter (NIS) functioning as 

an integral membrane glycoprotein that is fueled by the Na+/K+-ATPase electrochemical 

sodium gradient, and mediates iodide uptake into thyrocytes (Bizhanova and Kopp, 

2009). The NIS transporters are localized to the follicular cells basolateral membrane in 

the thyroid; however, they are also active in several other tissues including the gastric 

mucosa, salivary glands, and the mammary gland during lactation (Bizhanova and Kopp, 

2009; Venturi and Venturi, 2009). In mammals fed under normal conditions, the total 

iodine in the body is distributed throughout the organism at an estimated level of 70-80% 

in the thyroid gland, 10-12% in the muscles, 3% in the skeleton, 3-4% in the hide and 5-

10% in other organs (Georgievskii et al., 1981). 
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Iodine Secretion into Milk  

The secretion of iodine into milk is unique in that it reflects intake of the element, 

making it a reasonable indicator of iodine status; an increase in milk iodine content is 

directly proportional to the level consumed (Miller, 2012). Between 7 to 27% of iodine 

consumed can be transferred into milk depending on the amount of iodine an animal 

consumes (Kaufmann et al., 1998; NRC, 2001; Norouzian et al., 2009; Castro et al., 

2011). Iodide is the primary form of iodine entering milk whereas protein-bound iodine is 

not readily absorbed by the bovine udder (Miller et al., 1975). Once in milk, 80 to 90% of 

iodine is in an inorganic iodide form in the water-soluble fraction (Miller et al., 1975). 

The remaining 5 to 13% is bound to proteins and less than 0.1% to fat (Murthy et al., 

1960). An estimated 16% of the total iodine in bovine milk is contained in the non-fat 

cream portion (Miller et al., 1975). The amount of organically bound iodine in milk 

reported in the literature is somewhat inconsistent with observed binding levels ranging 

from 10% (Miller et al., 1975), 11-22% (Fox, 1995; Leiterer et al., 2001) and 30% 

(Flachowsky et al., 2014). Iodine levels in colostrum are also considerably higher than 

seen in normal milk, which may be due to colostrum’s higher protein levels (Miller et al., 

1975). The iodine content of milk at peak lactation contains at least 50% less iodine than 

colostrum, and the iodine content depletes as the end of lactation nears (Underwood and 

Suttle, 1999).  

Environmental Iodine Sources 

1. Soils 

The iodine concentration in soils is spatially variable, ranging from less than 0.1 

to 150 ppm and averaging 5.1 ppm worldwide (Fuge, 2012; Fuge and Johnson, 2015). 
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The geochemistry of iodine in soils is dependent on both the quantity of iodine inputs 

supplied to the soil, and the soil’s ability to retain iodine against volatilization and 

leaching processes (Whitehead, 1984). Iodine can be lost by vertical transport to greater 

soil depths or it can be released into the atmosphere by chemical and biological processes 

as shown in Figure 1.2 (Johanson, 2000). Soil iodine inputs are predominately derived 

from marine environments and the atmosphere by means of wet and dry precipitation, 

with smaller contributions from decomposed organic matter and weathering of soil parent 

material (Whitehead, 1984; Fuge, 2012; Fuge and Johnson, 2015). Soils proximal to 

coastal environments are highly enriched with iodine derived directly from the ocean, and 

these concentrations decrease significantly with movement inland (Fuge and Johnson, 

2015). Uniform iodine distribution in the soil profiles is rare since content changes with 

increased horizon depth in some soil types (Whitehead, 1984). The migration of iodine in 

a soil profile is dependent on soil type and perhaps iodine form; however, evidence 

regarding iodine form in soil is limited, since most investigators have only measured 

soil’s total iodine concentrations (Chesworth, 2008). In structured soils, it is understood 

that solutes move rapidly through macropores in the soil made by plant roots and 

earthworms, or large fractures created by repeated wet and dry conditions (Whitehead, 

1984). The distribution of iodine in soil profiles is also influenced by the dispersal of 

binding molecules and the oxidation level of the element (Johanson, 2000).   

The iodine content in soil is dependent on its ability to retain iodine, otherwise 

known as its iodine fixation potential (IFP), and the relative iodine supply (Dissanayake 

et al., 1999). Soil rich in organic matter has arguably the greatest impact on iodine 

retention, since the element is profusely abundant in organic-rich sediments (Fuge, 2012). 
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This strong sorption of iodine by organic matter has been demonstrated particularly well 

in peaty soils, which contain large amounts of organic matter (Fuge, 2012; Fuge and 

Johnson, 2015). Hydrous iron and aluminum oxides are also suggested to play an 

important role in the retention of soil iodine (Whitehead, 1984). Sorption of iodide and 

iodate by aluminum and iron oxide are similar, and is strongest in soil with considerably 

acidic conditions (Whitehead, 1984). However, the sorption of iodide and iodate by these 

metal oxides in organic-rich soils does not occur since the iodine species are quickly 

converted to organic forms and strongly bound in the soil (Shimamoto et al., 2011). 

Nonetheless, soils rich in one or a combination of organic matter, iron oxides, or 

aluminum oxides will have high IFP’s and iodine will strongly bind to these compounds 

creating soils with an abundance of iodine (Whitehead, 1984; Fuge, 2012; Fuge and 

Johnson, 2015).  

2. Plants  

Iodine intake is regarded as one of the most important factors that influence the 

concentration of iodine in milk. Marine plants are highly enriched with iodine; however, 

terrestrial plants fix only trace amounts of iodine, as the element does not significantly 

contribute to the plant’s life cycle (Fuge and Johnson, 1986). In some plants, iodine has 

also been shown to have toxic side effects (Whitehead, 1984; Fuge and Johnson, 1986; 

Fuge and Johnson, 2015).  Plants are capable of obtaining iodine in two ways: from the 

soil through their roots, and presumably more importantly from direct absorption through 

the leaf stomata (Whitehead, 1984; Fuge, 2012). Through these pathways, plants can 

acquire iodine via passive uptake from air, soil or water contamination and diffusion 

(Flachowsky et al., 2014). Therefore, the concentration and nutritional availability of 
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iodine in various feedstuff can vary depending on sea proximity, soil and water 

chemistry, seasonal and climatic conditions of the region, plant species, as well as by the 

presence of anti-thyroidal substances in the plant (NRC, 1980; Underwood and Suttle, 

1999).  

Due to the tremendous variation in iodine availability in regions around the world where 

crops are grown, a universal measure of iodine content in various feedstuffs grown to 

feed livestock is not available. Some reports suggest common cereal grains contain 40-

100 µg/kg of iodine, while oilseed proteins and their concentrates may contain upwards 

of 100-300 µg of iodine/kg respectively (NRC, 1980). The content of iodine in grasses 

has been shown to range from 80 to 690 µg/kg (Alderman and Jones, 1967), while other 

research suggests a tighter range of 200-400 µg/kg (Georgievskii, 1981). Forages are also 

suggested to contain iodine levels of up to 0.2 mg/kg of dry matter (DM); however, plant 

variety and environmental iodine content may lead to variations in the concentration 

(Flachowsky et al., 2014). Table 1.1 summarizes the reported ranges in iodine content of 

common forages and supplements provided to dairy cattle in various areas of the world. 

Although plant iodine concentrations are known to vary, forages and feed stuff that lack 

additional mineral supplementation typically does not contain sufficient iodine to meet 

the dietary requirements of food-producing animals.  

3. Water 

The evolutionary prehistoric glacial processes of flooding by ancient seas, 

tectonic uplifts, continental movements, and extreme climate alternations have led to the 

exposure of parts of former sea floor, presenting iodine rich marine sediment above sea 

level. These upheavals have largely influenced regional differences in iodine levels in 
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aquifers and groundwater (Preedy et al., 2009). The micronutrient is distributed at various 

depths and is most commonly observed in water in the organic form as iodate and iodide. 

Particularly in seawater, iodine is noted as one of the most plentiful micronutrients, with 

a total estimated concentration of 45 to 60 µg iodine/L, while unpolluted freshwater and 

rainwater contains an average 1.5 to 2.5 µg iodine/L (Whitehead, 1984). 

Iodine is evaporated into the atmosphere from seawater as volatile organic iodine 

species and subsequently deposited into surface reservoirs. The distance from coastal 

regions greatly impacts the iodine concentration of drinking water, since water has been 

shown to contain 10 µg iodine/L when less than 50 km from the coast, and drops to 1 µg 

iodine/L when more than 400 km from the coast (Flachowsky et al., 2014). Although 

concentrations are highly variable, the average iodine concentration in surface water is 

estimated to be 5 µg/L (Flachowsky et al., 2014). The leaching of atmospheric iodine into 

groundwater sources is important; however, subsurface leaching from both new and old 

marine and deep hydrothermal deposits are also influential factors that can increase the 

iodine content of groundwater (Whitehead, 1984; Preedy et al., 2009). These processes 

have been demonstrated in shallow groundwater (<100 meters) but there remains a lack 

of data for deeper sourced groundwater (Andersen et al., 2009).  

Little research has been conducted in determining whether water contributes to 

iodine intake in domestic animals. However, it has been reported that water containing 

high levels of iodine was successful in mitigating signs of goiter in humans (Preedy et al., 

2009). Water’s influence on dietary iodine intake has been regarded as negligible 

(Flachowsky et al., 2014), but at concentrations of 300 µg/L or more, its dietary 

contribution can be substantial (Dantzman and Breland, 1969). Further research 
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conducted by the Ontario Ambient Groundwater Geochemistry Project (OAGGP) 

examined iodide in Ontario groundwater in 2012, 2013 and 2015 and reported naturally 

elevated iodide concentrations in well water in various parts of the province (Hamilton, 

2015). Figure 1.3 illustrates groundwater iodide levels, measured across southern Ontario 

that ranges from less than 50 µg/L to alarming levels of greater than 3500 µg/L. With 

such vast ranges identified, it is questionable whether groundwater that contains iodide at 

the upper limits of this range is indeed a negligible source of dietary iodine intake, since a 

lactating Holstein cow producing an average of 33 kg of milk d-1 will consume 115 liters 

of water per day or more, therefore further research is required (NRC, 2001). 

Radiogenic Iodine-129 (129I) 

In the environment iodine behaves in a complex manner since it can be found in a 

variety of chemical forms; however, only two naturally forming isotopes exist: a stable 

isotope (127I), and its long-lived radioactive counterpart (129I) (Fehn, 2012). Natural 

background levels of 129I are formed by the spallation of xenon induced by cosmic rays in 

the upper atmosphere, and by the spontaneous fission of uranium 238 (Johanson, 2000; 

Osterc and Stibilj, 2011). Environmental 129I is found in concentrations of several orders 

of magnitude lower than that of stable iodine. Thus 129I is often quantified as an isotopic 

ratio of 129I/127I or 129I/I (Hou et al., 2009; Fehn, 2012). While no concurrent pre-nuclear 

ratio exists for the terrestrial environment (pedosphere and biosphere), the hydrosphere is 

known to contain an 129I/127I ratio of approximately 1.5x10-12 (Hou et al., 2009). 

As a consequence of human nuclear activities taking place as early as the 1940s, 

anthropogenic 129I has overwhelmed the natural 129I background concentrations, leading 

to excessive deposition of radiogenic 129I globally and dwarfing natural pre-
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anthropogenic 129I reservoirs (Snyder et al., 2010). Anthropogenic sources of 129I are 

derived primarily from atmospheric bomb testing, nuclear accidents, and nuclear fuel 

reprocessing (NFRP), although the latter source has discharged the largest amount of 

radioactive 129I to date (Osterc and Stibilj, 2011; Herod et al., 2016). While much of the 

radioactive 129I that is produced in nuclear power reactors is stored and pending final 

processing, an estimated 7.3 mg of 129I is created per megawatt day (MWd), and from 

1980 to 2005 nuclear power reactors alone have generated an astounding 68,000 kg of 

129I (Hou et al., 2009). 

Artificial 129I released in a gaseous form from NFRP’s can reside in the 

atmosphere for 10 to 14 days, allowing ample time for its wide and uneven distribution 

across the globe (Moran et al., 2002; Herod et al., 2015; Herod et al., 2016). While 

contained in the atmosphere, 129I may then relocate into the hydrosphere by dissolving 

into precipitation where it then enters surface waters and land by both dry and wet 

deposition (Snyder and Fehn, 2004; Fuge and Johnson, 2015). 129I directly deposited into 

oceans may also contribute significantly to continental 129I through the process of re-

volatization from the water’s surface (Herod et al., 2016). 

Unlike other isotopes, anthropogenic 129I is distributed primarily in surface 

reservoirs, with the greatest concentrations observed in the upper soil layers of oceanic 

and terrestrial environments (Preedy et al., 2009; Fehn, 2012; Fuge and Johnson, 2015). 

This trend has been demonstrated by Schink et al. (1995) who measured 129I levels in the 

Gulf of Mexico, and found that surface waters were highly enriched with 129I at levels 

sixty-fold higher than natural levels found in deeply sourced Gulf waters. These results 

observed by Schink et al. (1995) are in agreement with other similar studies reviewed 
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(Suzuki et al., 2010; Fehn, 2012). Anthropogenic 129I is retained most efficiently in the 

upper soil layer most likely due to soil/water characteristics, organic matter, rainfall 

occurrence, and the topography of the region (Johanson, 2000; Fuge and Johnson, 2015; 

Herod et al., 2016). While a considerably large body of research exists on the distribution 

of 129I in surface environments (i.e. soil, rivers, plants), few studies have investigated 129I 

infiltration into groundwater (Herod et al., 2015). Generally, the concentration of 129I is 

reduced at increased environmental depths, and deep groundwater is suggested to contain 

smaller amounts of natural 129I originating from fissiogenic additions and organically rich 

or marine sources (Preedy et al., 2009; Fehn, 2012). Increased ratios of anthropogenic 129I 

have also been observed in food crops, pasture, forages and animal products (Robens and 

Auman, 1988a; Robens et al., 1988c; Hauschild and Aumann, 1989; Handl and Pfau, 

1989). 

Due to the environmental abundance of anthropogenic 129I in relation to natural 

background concentrations, as well as its high mobility in nature and radioactive 

uniqueness, it is a common geochemical tracer used as a pathfinder isotope for deeply 

sourced mineral exploration (Fuge and Johnson, 2015). Furthermore, 129I is commonly 

used to trace groundwater and surface interactions, and can help to outline bioavailability, 

transport mechanisms and metabolic pathways (Schwehr et al., 2005; Fuge and Johnson, 

2015). While no data currently exists, it is possible that 129I may also be a successful tool 

in tracing the primary origin of iodine found in cow’s milk by assessing the isotopic 

fingerprint of milk and corresponding environmental samples (forage, groundwater) that 

are ingested by a cow during lactation.  
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Anthropogenic Iodine Sources 

1. Feed Additives 

The increase in iodine concentrations in raw milk has been attributed to a variety 

of anthropogenic iodine sources; however, inclusion of feed additives to rations have 

been suggested to be a major contributing factor to raw milk iodine levels. Iodine is 

supplemented into rations for several reasons and is provided in an animal’s diet through 

the provision of salt licks, feed additives, commercial concentrate feeds or animal and 

plant byproducts (NRC, 1980; Whitehead, 1984). To ensure dietary iodine requirements 

are met, feeds containing naturally high iodine content such as kelp or seaweed may be 

added to a ration. Other additives such as sodium iodide or Ethylenediamine 

Dyhydriodide (EDDI), may be added to a ration not only for nutrient benefits, but also as 

a preventative treatment for foot rot, soft tissue lumpy jaw, or to improve reproductive 

performance (Hillman and Curtis, 1980, Hemken et al., 1981; Fischer and Giroux, 1993).   

Some authors have compared the amount of iodine transferred into milk based on 

supplementation with various iodine sources in feed consumed by dairy cattle. The 

transfer of iodine from feed into milk is suggested to be 31.9% with iodate species 

supplementation and 31.2% with supplemented iodide species (Flachowsky et al., 2014). 

Several other authors have investigated the effects of EDDI supplementation in feed 

rations and its transfer to milk (Miller and Swanson, 1973; Hemken et al., 1981; 

Pennington, 1990). Research conducted in California, Kentucky, Michigan and 

Wisconsin reported a majority of milk iodine values to exceed 1000 µg/L when cattle 

were supplemented with varying amounts of EDDI (Hemken et al., 1981; Pennington, 

1990). Miller and Swanson (1973) found that cattle supplemented with EDDI had lower 
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serum iodine and higher milk iodine levels in comparison to the group receiving a 

potassium iodide supplement, which is in line with other reports (Berg et al., 1988).  

The feeding system employed on farm may also indirectly lead to increased 

iodine content in raw milk due to over-supplementation of iodine in a ration. Castro et al. 

(2011) reported lower milk iodine levels in component fed herds compared to total mixed 

rations (TMR). This relationship may be associated with more frequent iodized mineral 

mixture use on farms feeding TMR mixtures. Nonetheless, feed and iodine containing 

feed additives have long been established as the major contributing factor to the iodine 

content in raw milk, and many research feed trials have reported that the use of various 

feeds and mineral additives can significantly increased iodine content in bulk tank milk 

(Fischer and Giroux, 1993). Therefore, it is vital to monitor all aspects of the lactating 

herds diet in order to avoid the over-supplementation of iodine through the provision of 

commercial additives or mineral mixes beyond label recommendations. 

2. Iodophor Teat Dips and Sanitizers 

Iodine is a common component of most pre- and post-milking teat germicides and 

sanitizers due to its proven efficacy in mitigating contagious mastitis pathogens in herds 

by eliminating mastitis causing bacteria that colonize on the teat surface and canal 

(Flachowsky et al., 2014). Arguably the most commonly used bacteriostatic agent, these 

iodophors are also used to disinfect milking equipment, pipelines, and containers (Fox, 

1995). While proving to be successful in mitigating bacterial colonization of teat ends, an 

increase in the content of iodine in raw milk has been attributed to the use of iodized teat 

dips and sanitizers (Galton et al., 1984; Castro et al., 2010; Flachowsky et al., 2014). 

There is a significant body of literature that supports the fact that the use of iodophor 
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containing teat dips and sanitizer can indeed impact the measurable iodine level in milk, 

either through the failure to remove products applied pre-milking, or the excessive 

application of product post-milking. 

The mode by which iodine from teat disinfectants enters the mammary gland and 

milk has not been extensively studied. Some literature suggests that iodine residues in 

milk are the result of contamination of the teat surface (Rasmussen et al., 1991). On the 

other hand, Conrad and Hemken (1987) determined that the more likely entry route of 

iodine into raw milk would be via iodine absorption by the skin into the milk synthesis 

process. Most of the literature agrees with the latter theory, although, while 

contamination with a post-milking disinfectant is not a likely entry route, it can possibly 

increase milk iodine levels if a pre-milking teat disinfectant is not completely removed 

from the mammary surface prior to milking. 

The concentration of iodine in teat disinfectants and the manner of application 

have been reported to have a direct influence on milk iodine levels. The application of a 

pre- and post-disinfectant by spray (hand or in-line) is associated with greater risk of 

increased iodine content in raw milk as opposed to using the dip-cup procedure (Castro et 

al., 2010). Castro et al. (2012) reported greater BMI levels when a 1% iodine based post-

milking solution was applied by spray, as opposed to when a 1% iodine based sanitizer or 

chlorhexidine containing solution was applied as a dip. Post-milking teat disinfectant 

applied to the mammary gland is seldom washed off, allowing the residue ample time to 

become absorbed through the tissue.  

The content of iodine in milk has also been directly impacted by the iodine 

concentration of teat dips. The majority of studies suggest a positive linear relationship 
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between BMI levels and the concentration of iodine in disinfecting solutions (Castro et 

al., 2012; Flachowsky et al., 2014). The milk iodine content significantly increased in two 

separate trials comparing the use of a 1% and 0.5% iodophor teat dip (Galton et al., 

1984), and a 1% and 0.1% iodophor teat dip which observed a 76 µg/L increase in BMI 

from the sole application of a 1% post-milking teat dip (Galton et al., 1986). In 

comparison, other studies have observed 35 µg/L and 110 µg/L milk iodide increases 

when a 1% iodophor pre-milking teat dip was applied (Dunsmore and Nuzum, 1977; 

Hemken et al., 1978; Flachowsky et al., 2014).  

The viscosity of teat dips is also suggested to influence milk iodine content, where 

relatively non-viscous dips free of various thickening agents are considered the most 

suitable in preventing iodine residues in milk (Dunsmore et al., 1977). In one trial, iodine 

content in milk increased above control levels by the most viscous, intermediate, and 

least viscous products by 84.9, 53.6 and 37.0 µg/L, respectively (Lewis et al., 1980). 

Additional research is warranted to assess whether other components found in commonly 

used teat disinfectants contribute to the iodine content in milk. 

Summary and Research Objectives 

The current amount of iodine consumed through dairy products is not considered 

to pose a threat to human health; however, there is concern that if the current trend of 

increasing iodine levels in milk continues, there may be reason for concern in the future. 

A significant amount of research has been conducted examining the factors that affect the 

concentration of iodine in bovine milk, and there has been great progress in 

understanding the potential factors that influence the rise in milk iodine levels. 

Throughout the literature cited there is agreement that the concentration of iodine in milk 
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is dependent on a variety of factors such as farm management, milking processes and the 

use of iodophor teat dip substances, feed management and iodine supplementation of feed 

(Flachowsky et al., 2014; Castro et al., 2010).  

While iodine intake is considered the most influential factor contributing to iodine 

content of milk, surprisingly little research has been conducted about the iodine content 

of the water consumed by dairy cattle, given that water comprises 86% of milk’s 

composition (Lopez, 2005). Various regions of Ontario are known to contain high levels 

of iodide in the groundwater, a potential source of high iodine in the dairy cow’s diet. In 

an effort to distinguish if the consumption of water containing high iodide concentrations 

indeed is a contributing factor to the rise in iodine content in milk there is a need for 

further research.   

The primary objectives of the research described in this thesis are: 

1) To assess the variation in milk iodine levels on dairy farms located in eastern 

and southwestern Ontario regions, and assess potential risk factors and 

explanatory variables among the sample population, which include total 

iodine content in well water consumed, to identify possible factors that could 

influence milk iodine levels on farms (Chapter 2).  

2) To determine if iodide in groundwater consumed by milk producing dairy 

cattle contribute to milk iodine levels by comparing the ratio of 127I/129I and 

total 127I and 129I content in well water and bulk tank milk samples between 

farms with consistently low, elevated, or high milk iodine levels in designated 

regions of concern (Chapter 3). 
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Figure 1.1 Diagram showing the daily absorptive and depositing patterns of dietary 
iodine in a dairy cow. 

 

 

 

 
 
 
 
 
 
 
 
 

1.	  Oral	  Iodine	  
Intake	  

(Organic	  iodine,	  
iodate,	  iodide)	  

Conversion	  
of	  Iodine	  
species	  to	  
Iodide	  (I-‐)	  

Kidney	  (40%)	  

Extra-‐thyroidal	  iodine	  Pool	  

Thyroid	  Gland	  (70-‐80%)	  

Uterus	  &	  Conceptus	  

Mammary	  Gland	  (8-‐10%)	  

Lower	  GI	  tract	  (10%)	  

M
aj
or
	  [I

-‐ ]	  
co
m
pa
rt
m
en
ts
	  

M
in
or
	  [I

-‐ ]	  
co
m
pa
rt
m
en
ts
	  

70-‐80%	  
Rumen	  

10%	  
Omasum	  

3.	  

2.	  

4.	  
I-‐	  transport	  via	  
Blood	  Plasma	  

Gastro-‐Intestinal	  
Tract	  absorption	  



	  

	   21	  

 

 
 
 
Figure 1.2 Part of the iodine cycle showing the transportation of iodine elements from 
the marine to the terrestrial environment (after Dissanayake et al., 1999). 
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Figure 1.3 A Map illustrating the distribution of iodide in bedrock wells in eastern and 
southwestern Ontario sourced from Hamilton (2015).  
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Table 1.1 Results from various studies conducted worldwide assessing the concentration 
of iodine in some forages and supplements commonly consumed by dairy cattle. 

 

Reference Location Forage or 
Supplement 

Iodine Content 
Range*  

(µg/kg DM) 

Mean Iodine 
Content 

(µg/kg DM) 
Castro et al. 
2011 

Quebec,  
Canada 

Hay  29-517  137 
Mixed Silage1 34-569  156 
Corn Silage 29-479 125 
Grains 28-270  55 
Soy products  29-320  101 
Custom-made 746-14,627  - 
Registered 29-35,545  - 
Mineral mixes 
 

37-322,084 - 

Alderman 
and Jones, 
1967 

Wales,  
England 

Italian Ryegrass 
(S22) 

100-480 250 

Perennial 
Ryegrass (S23) 

130-340 220 

Perennial 
Ryegrass (S24) 

80-400 220 

Cocksfoot 
(S37) 

160-590 320 

Timothy (S48) 100-430 310 
Tall Fescue 
(S170) 

120-410 200 

Meadow Fescue 
(S215) 

120-450 220 

Trávníček et 
al., 2004 

Bohemia, 
Czech 
Republic 

Pasture 
Herbage 

26.6-555 - 

Hay 22.8-523.4 - 
Grass Silage 25.3-947.5 - 
Maize Silage 34.5-463.3 - 

Underwood 
and Suttle, 
1999 

 
        - 

Hay and Straws 100-200 - 
Cereal Grains 40-90 - 

Oil-seed Meals 100-200 - 

Georgievskii 
et al., 1981 

- Grasses 200-400 - 
Grains 50-300 - 

Tuber Crops 200-500 - 
*1 ppb=1000 µg/kg 
1grass and legume silage 
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ABSTRACT 

Previous studies have been conducted to investigate the iodine content in milk and 

its associations with milking management practices and nutrition. Many reports have 

suggested that an increased milk iodine level is attributed to the use of iodine-based teat 

disinfectants and the supplementation of iodine in lactating cow rations. Little emphasis 

has been directed towards investigating bulk milk iodine (BMI) levels in relation to the 

composition of the groundwater being consumed by the lactating cows. Groundwater is 

known to contain varying levels of iodide naturally, and may contribute significantly to 

the total iodine intake of lactating cows on some farms. The objectives of this study were 

1) to describe the BMI content in milk sampled from 80 commercial dairy farms located 

in eastern (n=58) and southwestern (n=22) Ontario, Canada and 2) to determine if the 

iodide content in groundwater consumed by the lactating herd, along with other potential 

on-farm risk factors, are associated with higher BMI levels. The 80 participants 
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completed a bilingual questionnaire that covered water consumption, nutrition, milking 

management practices, and water source characteristics. The total iodine concentration 

(organic and inorganic) was established using inductively coupled plasma mass 

spectrometry for milk, and ion selective electrode and ion chromatography for 

groundwater samples. Independent variables of interest were screened and a linear 

multivariable regression model was fitted to assess associations between BMI levels and 

explanatory variables such as total iodine concentration in groundwater and ration 

samples, depth and age of well, water treatment, the use of iodine-based disinfectants, 

and iodophor containing post disinfectant coverage goal. Results of the analysis suggest 

that a strong assocation exists between the iodide concentration of groundwater 

consumed by the lactating herd and BMI levels (P<0.0001). Similar to previous reports, 

significant associations were also found between BMI content and the concentration of 

iodine in the milking herd ration (P<0.0001) and the coverage goal of iodophor 

containing post-disinfectants (P<0.0001). A significant (P<0.0001) increase in BMI 

levels of approximately 314±55.4 µg/L was observed on farms covering the full teat and 

udder base with a post-milking iodophor teat disinfectant. These results suggest that a 

previously ignored significant association exists between BMI levels and the iodide 

content in groundwater consumed by the lactating herd. Groundwater containing high 

levels of iodide that is used as a source of drinking water for dairy cattle should be treated 

to remove iodine and thereby reduce BMI levels on those farms.  

 

Keywords: Milk Iodine; Dairy cattle; milk; iodine; iodine sources; milk quality; 

groundwater iodine. 
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INTRODUCTION 

Iodine is an essential dietary element integrated into the synthesis of thyroid 

hormones, which are crucial supporters of many metabolic processes governing growth 

and development in mammalian species. Iodine is a natural constituent of milk, and 

bovine milk and dairy products are considered one of the most important nutritional 

sources of iodine in the human diet. Milk can provide over 50 percent of the 

recommended dietary iodine allowance (Flachowsky et al., 2014). Maintaining an 

adequate iodine intake is vital, as severe dietary deficiency or excess can lead to health 

concerns such as hypo- or hyperthyroidism. Meeting the daily requirement for iodine 

intake is crucial in humans and bovines alike; however, cattle that consume iodine in 

excess of their nutritional requirements of 0.5 mg of iodine/kg of dry matter may secrete 

more iodine into the mammary gland and produce milk with a higher concentration of 

iodine that can ultimately be consumed by humans (NRC, 1980). North American raw 

milk iodine concentrations published before 1970 were generally below 100 µg/L, but 

since 1970 iodine levels in milk have been increasing (Hemken et al., 1981; Pennington, 

1988). Studies have reported the iodine content of raw milk with concentrations ranging 

from less than 10 to 4,048 µg/L (Bruhn and Franke, 1985; Bruhn and Franke, 1987; 

Pennington, 1988; Pennington, 1990; Castro et al., 2010). Although iodine levels in milk 

are not formally regulated in any country, they are monitored in some jurisdictions and a 

milk iodine concentration of 500 µg/L is generally accepted as the maximum allowable 

threshold limit in raw and processed milk (Berg et al., 1998; Keefe, 2013).   

In the last few decades, the rise in bulk milk iodine (BMI) concentrations at the 

farm level has been demonstrated indisputably across North America with increases of 
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300 to 500 percent observed from 1965 to 1980 (Hemken, 1980; Bruhn and Franke, 

1987; Castro et al., 2010; Keefe, 2013). The risk of iodine over-consumption is a concern 

with milk containing high levels of iodine, since the tolerable upper level of iodine is 

only around two or three times greater than the adolescent and adult estimated average 

requirement (Institute of Medicine, 2001; Flachowsky et al., 2014). Due to this narrow 

margin of safety, the documented increase in iodine content of milk has resulted in the 

implementation of a monitoring program for iodine in salable milk in some countries. 

A variety of potential risk factors associated with iodine concentrations in milk 

have been identified through various field studies. The level of iodine in raw milk is 

influenced by cow and farm level factors including cattle breed, production level, stage of 

lactation, and geographic location. Other adventitious sources such as dietary iodine 

intake, and the application of iodophor containing antiseptics and disinfectants used to 

maintain udder heath and sanitize equipment are also proven to have strong impacts on 

milk iodine levels (Pennington, 1990; Berg et al., 1998; Underwood and Suttle, 1999; 

Flachowsky et al., 2014). The consumption of dietary iodine is noted as one of the most 

important determinants of the iodine content in cow’s milk, as transfer of ingested iodine 

to milk ranges from 7 to 27% depending on volume of iodine fed (Kaufmann et al., 1998; 

Norouzian et al., 2009; Moschini et al., 2010; Flachowsky et al., 2014). This strong 

association between BMI concentration and iodine intake has been demonstrated in a 

variety of trials that provided different concentrations of iodine in feed formulations 

(Franke et al., 2009; Castro et al., 2010; Flachowsky et al., 2014).  

The use of iodophor containing teat disinfectants and the application strategies 

(i.e. dip or spray) of these solutions have also been shown to impact the concentration of 
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iodine in milk (Conrad and Hemken, 1978; Galton et al., 1984; Galton et al., 1986; 

Rasmussen et al., 1991; Castro et al., 2010; Castro et al., 2012; Flachowsky et al., 2014). 

The strengths of the relationships described in these studies have been somewhat 

inconsistent, with considerable variation in the relative impact of these risk factors on 

milk iodine among studies.  

In spite of making on-farm adjustments to account for known risk factors, many 

Ontario dairy herds persistently fail to find a solution to reduce their raw milk iodine 

concentrations, and these farms reluctantly continue to produce milk with high BMI 

content. This suggests that additional risk factors, apart from those mentioned, exist and 

thereby more opportunities remain to further the understanding of risk factors for 

elevated concentrations of iodine in milk. 

To our knowledge, there have been no field-based studies that have investigated a 

potential relationship between BMI concentration and the iodide content of groundwater 

consumed by the lactating herd. Iodine is ubiquitous in groundwater and exists primarily 

in the form of soluble iodide, with notably significant regional concentration differences 

observed worldwide (British Geological Survey, 2000; Flachowsky et al., 2014; French et 

al., 2016; Li et al., 2017). Various regions of Ontario have been identified as having 

groundwater that contains naturally elevated levels of iodide, particularly in aquifers 

located in eastern and southwestern Ontario (Hamilton, 2015). The high iodide levels in 

groundwater located in eastern Ontario regions, which are covered contiguously in thick 

marine sediment (CTMS), are believed to originate from marine plant organic and 

ancient seawater fixed in Leda clay during the Pleistocene era (Schut and Wilson, 1987). 

Elevated concentrations of iodide in groundwater in parts of southwestern Ontario are 
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associated with shale-rich rocks of varying ages that are part of the Devonian Shale 

extent (Hamilton et al., 2015). Interestingly, a Canadian study reported the geographic 

distribution of BMI content by province in Canada and identified five geographical 

clusters of herds with high BMI levels, with two of those clusters located in Ontario and 

situated in the eastern and southwestern Ontario regions of interest (Keefe, 2013). 

Therefore, the first objective of the current study was to describe the BMI levels in milk 

collected from commercial dairy farms located in eastern and southwestern regions of 

Ontario noted by the Ontario Geological Survey (OGS) to contain groundwater with high 

iodide concentrations (Hamilton, 2015). The second objective was to evaluate the 

association of various on-farm risk factors, including water source parameters, 

groundwater iodide concentrations and consumption, nutrition, and milking management 

of the lactating herd, with increased levels of iodine in raw milk. 

 

MATERIAL AND METHODS 

This observational study was approved by the Research Ethics Board 

(REB#14OC12) at the University of Guelph. A target sample size of 80 herds was 

determined, based on the number of herds in each study area that had previously been 

identified with persistently high (≥ 500 µg/L)	  milk iodine levels. Half (n=40) of the herds 

were expected to have high BMI levels and the other half (n=40) were expected to have 

low or only slightly elevated levels of BMI. However, the final number of farms enrolled 

in this study was limited by the number of herds in each geographical location, the herd 

owner’s willingness to participate, and available funding. Prior to sample collection, 
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study participants provided written consent that authorized their enrolment in this study 

and water, milk and feed sample collection on their farm.  

This project was completed in collaboration with the University of Ottawa and the 

OGS. The study locations were centered in two regions containing wells drilled into thick 

glaciomarine and marine sediments that are known, based on a large, previously 

published groundwater geochemical survey (Hamilton, 2015), to have a greater risk of 

yielding groundwater with high levels of iodide. The study sites were: 1) eastern Ontario 

centered on the townships of Alfred-Plantagenet and Clarence-Rockland in the counties 

of Prescott and Russell; and 2) southwestern Ontario included the counties of Elgin, 

Essex-Kent, Lambton, and Middlesex. Using geographic information system software 

and previously published groundwater iodine concentrations (Hamilton, 2015) and 

geology and drift thickness maps from the OGS (Armstrong and Dodge, 2007; Gao et al., 

2006), a shapefile was developed defining the “study areas” of interest and used as the 

reference for dairy herd enrolment. BMI levels of the farms located within or close to the 

“study area” boundaries were assessed using historical records from the 2011 to 2016 

milk load iodine testing program, and farms were categorized according to BMI levels: 

levels below 350 µg/L were considered “normal”; 350 µg/L to 500 µg/L were considered 

“elevated”; and levels greater than 500 µg/L were deemed “high”. Herds with normal, 

elevated and high BMI concentrations were eligible for enrolment.  

Questionnaire Development 

 Participants completed a bilingual questionnaire reported in the appendix as 

supplementary materials (Appendix 1), which was adapted from a questionnaire 

previously used in a national milk iodine risk factor study funded by Dairy Farmers of 
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Canada from 2010 to 2013 (unpublished). The questionnaire was developed to derive 

information about various risk factors expected to enable the introduction of iodine into 

the bulk tank milk on farm. Primary risk factors of interest included: milking procedures, 

iodine supplementation in rations, water sources, and both treatment and availability of 

water for the lactating herd. Groundwater consumption as a potential contributor to milk 

iodine in the lactating herd was an important focus and therefore the questionnaire 

included: the type of well providing water to the milking herd (dug, drilled, other), the 

age and depth of the well, previous testing of iodine in water, water treatment prior to 

cattle consumption (yes/no), and how water is supplied to the milking herd. The 

questionnaire was constructed in both English and French using Qualtrics© (2015), a 

web-based survey design and delivery platform. The bilingual questionnaire was 

formatted to allow for completion by one of three methods. Participants could request: 1) 

a link to the online Qualtrics© version sent by e-mail allowing completion on any 

electronic device; or 2) a paper copy sent by mail to complete by hand; or 3) an option to 

complete the questionnaire by interview during the farm visit.   

 Limited contact information for all licensed producers in the “study areas” of 

interest were made available to the researchers by the provincial milk marketing board, 

Dairy Farmers of Ontario (DFO). A total of 150 farms were contacted in the eastern 

Ontario location, and of those farms only 58 agreed to participate in the study. In order to 

meet a target sample size of 80 herds, an additional 78 farms located in the second region 

(southwestern Ontario) were contacted and 22 farms agreed to participate. Initial contact 

was made with Ontario producers in the regions of interest by DFO in the form of an 

informative letter introducing the study and its purpose. A follow-up package was then 



	  

	   40	  

sent to producers that included: 1) a cover letter reiterating the projects purpose; 2) a 

consent form providing elaborate details including OGS collaboration, sample collection, 

questionnaire completion, and individual confidentiality regarding personal identifiers 

and data; and 3) an information form asking producers to provide their contact 

information and feed advisor and/or nutritionist(s) name and contact. Producers interested 

in participating were asked to mail back the signed consent form and completed 

information form. Follow-up contact was made via telephone with those producers who 

were interested in participating. The 80 study participants were assigned a date and time 

for a farm visit and were asked at this time to select one of the three aforementioned 

options for completing the questionnaire. The questionnaire was administered to all 

participants between August 18th and September 30th 2016. All questionnaire responses 

were entered into Qualtrics© (2015) while the questionnaire was open, and once the 

questionnaire was completed by all participants, the questionnaire was closed and data 

were exported from Qualtrics© (2015) into an Excel (2011) spreadsheet (Microsoft 

Corp., Redmond, WA) for analysis. All questionnaire data were anonymized to ensure 

the confidentiality of each individual dairy producer.  

Milk, Feed and Groundwater Sample Collection 

 Fresh bulk tank milk samples were collected in a 40 mL plastic vial on each farm 

by a trained DFO Field Service Representative to comply with regulations under the 

Ontario Milk Act. The lactating herd rations were collected by taking feed samples along 

the length of the feed alley to ensure a representative sample was collected. Each milk 

and feed sample was labeled with a herd number code to ensure producer anonymity and 
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transported in refrigerated containers, then stored frozen for no longer than three months 

until testing for total iodine content.  

 Eastern Ontario groundwater samples were collected in collaboration with the 

University of Ottawa and OGS using a four-tubed apparatus that attached to a faucet 

providing raw well water, and allowed for water purging and sample collection as 

described in Rogerson et al. (2016). This apparatus was not available for sample 

collection on farms located in southwestern Ontario, and so raw water from a faucet was 

purged for a minimum of five minutes prior to sample collection to ensure stagnant water 

left in the pipe was expelled leaving only fresh well water to be collected for total iodide 

content analysis. Eastern and southwestern Ontario groundwater samples were collected 

in either a 500 mL HDPE bottle or a clear 500 mL borosilicate Wheaton bottle with a 

butyl septum for isotopic analysis. Groundwater samples were then labeled with the herd 

number and transported in refrigerated containers out of sunlight, then stored in a 

refrigerator for less than a month until analysis.  

Milk and Water Iodine Analysis 

 The total iodine concentration of milk samples was determined by the method of 

Tinggi et al. (2012), by means of inductively coupled plasma-mass spectrometry (ICP-

MS) at the Agriculture and Food Laboratory at the University of Guelph, Ontario, 

Canada. In preparation for ICP-MS analyses, milk samples underwent an alkaline 

digestion with tetramethylammonium hydroxide (TMAH) in a microwave digestive 

system. The detection limit of this method is estimated at 0.02 mg/kg, with an estimated 

accuracy of 3.48±0.16 mg/kg and excellent precision determined by a coefficient of 

variation (CV) of 7.7% for within-batch analyses. Milk samples that contained iodine at 
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less than 350 µg/L were considered “normal”, samples containing iodine levels between 

350 µg/L and 500 µg/L were deemed to be “elevated”, and concentrations above 500 

µg/L were considered “high”. 

 Groundwater samples were analyzed for iodide concentration by two methods: 

ion selective electrode (ISE) in the field and by Ion Chromatography (IC) at the 

Geoscience Laboratories, Mines and Minerals, Ministry of Northern Development and 

Mines, Sudbury, Ontario, Canada. Iodide concentrations measured using the field ISE 

and IC show excellent correlation with a slope of 1.037 and an R2 value of 99.5%. Both 

methods show excellent precision using blind duplicates, and field duplicates show 

excellent reproducibility, however it was decided that IC data would be used as a 

representation of total iodine. The field method involved the use of an OrionTM 9453BN 

ISE with a detection limit of 5 µg/L, and an OrionTM 4-Star portable pH/ISE meter. 

Potential interferences by aqueous sulphide were eliminated by adding 2 mL of saturated 

nickel acetate to the sample bottles prior to filling. Samples by ISE were usually 

measured within 24 hours and never longer than 1 week after sampling. Calibration 

before each sample run was with 10 µg/L and 1000 µg/L standards. Where samples 

exceeded 1000 µg/L, the instrument was recalibrated once at the end of the sampling 

period using 1000 and 10,000 µg/L standards and the samples re-tested.  

Iodide analyses were also conducted using a Dionex ICS-3000 ion chromatograph 

instrument equipped with a dual pump, eluent generator, and detection compartment with 

a usable limit of 1000 µg/L at an operational pressure of 2200 to 2300 psi. The method 

used was similar to that extrapolated in Section 5 and 5.8 of the product manual (Dionex, 

2008) Laboratory-specific modifications of the method used the following conditions: a 
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100 µL sample loop; an AERS-500 (4mm) suppressor; IonPac AS23 (4mm) analytical 

column and IonPac AG23 (4mm) guard column; a potassium hydroxide (10 mM from 0-

45 minute) eluent, with a 1.0 mL/min flow rate, and EGCII KOH with CR-ATC and 

continuous regeneration eluent source; cell and column temperatures of 35 °C and 30 °C. 

The detection limit of this method is 10 µg/L, with an upper limit estimated at 5000 µg/L, 

although this can be increased with dilutions. 

Due to the reducing nature of the groundwater, an assumption was made that 

iodide was the only aqueous iodine species present and that the ISE and IC methods are 

therefore measuring total iodine. To test that this assumption was valid, 21 samples with 

mostly high iodide, were analyzed for total iodine using ICPMS at the University of 

Ottawa isotope laboratory. The resulting correlations between ICPMS and IC and ICPMS 

and ISE both had R2 values above 99% and both had slopes less than one (0.86 and 0.92, 

respectively) with ICPMS on the y-axis. The slight but consistently higher concentrations 

by both IC and ISE, as compared with those by ICPMS, are consistent with oxidation of a 

component of iodide to I2 and its loss due to evaporation in the several months between 

sample collection and analysis by ICPMS. It also indicates that iodide was indeed the 

only significant aqueous species present in the original samples. 

 

Statistical Data Analysis 

All statistical analyses were performed using Stata software, version 14 

(Statacorp., College Station, TX, USA). The quantified iodine levels in milk, 

groundwater, and rations were combined with producer survey response data in an Excel 

(2011) spreadsheet (Microsoft Corp., Redmond, WA) and then imported into Stata for 



	  

	   44	  

further analysis. Descriptive statistics were computed for all variables of interest to 

evaluate frequencies, distributions, and basic trends in the data. Milk and groundwater 

iodine concentrations from laboratory analyses that were deemed improbable (below the 

detectable limit) were recorded as half the difference of the smallest detected values to 

avoid zeros. Binary variables that had less than 10 observations reported were removed 

from the data set due to limited information and poor statistical power, and categorical 

variable observations were merged if they were considered to have a biologically similar 

impact on milk iodine concentrations. Independent variables were tested for collinear 

relationships using the CORR procedure. If highly correlated variables existed (|P|≥0.8), 

the variable of highest interest or biological relevance was preferentially chosen for 

inclusion in the development of the statistical model.  

Linear Regression and Dataset Structure. Key predictor variables were selected 

using a causal diagram and investigated to assess any potential relationships with iodine 

levels in the corresponding milk samples. Variables assessed as potential explanatory 

variables are included in the causal diagram (Figure 2.1). A liberal p-value of 0.2 was 

used during univariable analyses to screen potential explanatory variables for inclusion in 

the multivariable model. Continuous variables were transformed or categorized based on 

quartiles for model development if the linearity assumptions were not met. The size of 

the milking herd was categorized into four groups: less than 57 cows, between 57 and 73 

cows, between 74 and 117 cows, and greater than 74 cows. Average milk production per 

cow per year was also categorized into less than 8816 liters, between 8816 and 9871 

liters, between 9872 and 10,646 liters, and greater than 10,647 liters.  
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A linear regression model was used to model the relationship between the 

outcome of BMI concentration and the various explanatory variables. The final model 

was constructed using a stepwise forward selection procedure where variables were 

added to the model individually to assess their contributions to the multivariable model. 

Statistical significance in the multivariable model was declared at P ≤ 0.05, and variables 

with a p-value greater than 5 percent were excluded from the model. Categorical 

variables remained in the model if results of a partial F-test was significant (P ≤ 0.05). 

Many predictor variables were assessed and so it was decided a priori that interactions 

were only evaluated between the predictor variables that significantly contributed to the 

working model. Variables that were contained within significant (P ≤ 0.05) interaction 

terms remained in the final model. Similarly, confounding was only tested among 

variables that were expected to have a potentially confounding affect based on the causal 

diagram. Confounding was assessed by individually adding each variable back into the 

model, and comparing the crude and adjusted incidence density ratios. If a percentage 

change was greater than 30 percent, the variable was considered a confounder and 

remained in the final model. Normality and homoscedasticity of the model were 

evaluated using the Shapiro-Wilk and Cook-Weisberg tests, along with graphical 

methods. Additional diagnostics were performed to assess the impact of outlying values, 

leverage, and influential observations on the model and specific coefficients (Dohoo et 

al., 2010).  
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RESULTS  

The distribution of BMI levels is shown in Figure 2.2. The concentration of iodine 

in raw milk ranged from 8 to 1,144 µg/L, with a high coefficient of variation (77.4%). 

The mean concentration of iodine in milk was 284±220 µg/L with a median of 219 µg/L. 

In this study, approximately 13% (n=10) of the 80 farms sampled had bulk tank iodine 

concentrations between 350 and 500 µg/L and an additional 13% had milk containing 

iodine levels greater than 500 µg/L. The mean BMI concentration on the 58 eastern 

Ontario farms was 303.9 µg/L and ranged from 8 to 1,144 µg/L, while the concentrations 

on the 22 southwestern Ontario farms were substantially lower at 232.9 µg/L and ranging 

from 74 to 558 µg/L. The majority of eastern herds had milk with “normal” iodine 

content; however, 12% (n=7) of herds produced milk with elevated levels (375 to 497 

µg/L), and an additional 16% (n=9) of farms produced milk with high iodine content (548 

to 1,144 µg/L). Southwestern herds also primarily produced milk with “normal” iodine 

levels, but 14% (n=3) of dairies presented “elevated” iodine levels in milk (362 to 471 

µg/L), and 5% (n=1) presented “high” milk iodine (588 µg/L). Table 2.1 describes the 

relative frequencies and distribution of milk iodine levels across the various risk factor 

variables evaluated.  

Iodide concentrations in groundwater samples ranged from 6.1 to 2,100 µg/L. A 

total of 20 (25%) water samples contained iodide concentrations below the detectable 

limit of 5 µg/L, and so these samples were assigned a level of 2.5 µg/L, which is half the 

detectable limit. The mean concentration of iodide in all groundwater samples including 

the 20 samples assigned a concentration of 2.5 µg/L was 133±318 µg/L. Greater iodide 

concentrations were found in eastern Ontario groundwater, with values ranging widely 
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from 6.1 µg/L to 2,100 µg/L, with a mean concentration of 175 µg/L. A much narrower 

distribution and lower average iodide concentration was measured in water from 

southwestern Ontario wells, with concentrations ranging from 6.3 µg/L to 157 µg/L and a 

mean of 23 µg/L.  

The concentration of iodine varied substantially in the lactating herd ration 

samples, with levels ranging from less than 40 µg/kg to 2,447 µg/kg. The average iodine 

concentration in the milking herd ration was 720± 456 µg/kg, with a median of 614 

µg/kg. There was very little difference in iodine content of rations between the two study 

regions. The mean level of iodine in southwestern Ontario (n=22) fed rations was 771± 

486 µg/kg and ranged from 201 µg/kg to 1,792 µg/kg. The average ration iodine 

concentration on eastern Ontario farms was 699± 447 µg/kg, with a range of undetectable 

to 2,447 µg/kg. The iodine concentration in the lactating herd rations was also 

investigated in relation to BMI level, groundwater iodide content, and the type of feed 

delivery system employed. Feed delivery included total mixed ration (TMR), TMR with a 

top dressing, or component feeding (Table 2.2).  

Table 2.3 presents the ten variables that were unconditionally associated with the 

level of iodine in milk and were evaluated in the multivariable model. In the 

multivariable model (Table 2.4) the concentration of iodine in groundwater and the 

milking herd ration, along with the coverage goal of iodophor containing post-milking 

disinfectants were significantly associated with bulk milk iodine concentration. Positive 

linear correlations were observed between BMI levels and the concentration of iodine in 

groundwater and the milking herds diet (Figure 2.3 and 2.4). 
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DISCUSSION 

The main finding of the present study, that groundwater is a statistically 

significant source of iodine found in bulk milk, supports both the original hypothesis and 

the results of similar studies examining groundwater as an effective iodine source to 

humans in goitrous regions (Andersen et al., 2009; Voutchkova et al., 2014). A linear 

increase in BMI content was observed with increased iodide content in groundwater. Due 

to water consumption being a major driving force in milk production, where dairy cattle 

consume an average of 115 liters of water per day, and milk being comprised of 86% 

water, it was expected that increased BMI levels would be identified in herds consuming 

groundwater with greater iodide levels. The mean iodide concentration assessed in both 

eastern and southwestern Ontario raw groundwater samples was substantially greater than 

suggested recommended levels for mammalian consumption (WHO 2003; ATSDR, 

2004; Flachowsky et al., 2014), and this was expected because both regions have been 

identified by the OGS as high risk areas for elevated iodide in groundwater (Hamilton, 

2015). The wide range in iodide content of water samples observed in this study was 

comparable to results in a Danish study about groundwater iodide data spanning from 

1933 to 2011, which reported an iodide concentration ranging from <0.4 µg/L to 1220 

µg/L, with a mean and average iodide concentration of 5.4 µg/L and 13.83 µg/L 

(Voutchkova et al., 2014). Other studies across the world have reported even higher 

ranges of iodide in groundwater with concentrations reaching up to 129±3 mg/L, which is 

2000 times greater than the iodide content of sea water (Li et al., 2013; Muramatsu et al., 

2001). To our knowledge this is the first study to investigate the association between 
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increased BMI levels in dairy herds consuming raw groundwater containing elevated 

concentrations of iodide.  

A consistent recommended maximum limit for iodide in potable groundwater 

currently does not exist. Many countries have created loose guidelines for iodide 

concentrations perceived to be normal or safe in drinking water; however, these 

guidelines lack consistency (British Geological Survey, 2000; Public Health Ontario, 

2015). The British Geological Survey (2000) reported normal concentrations of iodide in 

groundwater ranging from <1 µg/L to 70 µg/L, with extreme levels of up to 400 µg/L. 

There are no standards for iodide content in drinking water that are nationally recognized 

in the United States; however Rhode Island and Maine have suggested a guideline that 

safe drinking water contain up to 340 µg/L of iodide (Public Health Ontario, 2015). In 

Australia, an even higher standard of 500 µg/L is suggested for iodide presence in 

drinking water. According to data from the OGS (Hamilton, 2015), Ontario groundwater 

contains a median iodide level of approximately 11.2 µg/L with concentrations over 50 

µg/L considered high (80th percentile), and beyond 100 µg/L is extremely high (87th 

percentile). The present study found that approximately 43% (n=34) of farms had 

groundwater iodide concentrations below the determined Ontario median level with 

observed concentrations ranging from <6.1 µg/L to 11.1 µg/L, and 26% (n=21) of farms 

had concentrations ranging from 12 µg/L to 50 µg/L. An additional 6% (n=5) of farms 

had groundwater iodide concentrations between the 80th and 87th percentile ranging from 

52.2 µg/L to 87.6 µg/L, and 24% (n=19) of farms had concentrations exceeding the 87th 

percentile with values ranging from 104 µg/L to 2,100 µg/L. An activated carbon filter 

may be a beneficial tool utilized on farms with high levels of iodide in groundwater since 
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these filters can remove appreciable amounts of iodide from water prior to consumption 

(Hoskins et al., 2002). Nevertheless, investigations should be undertaken to define safe 

limits for iodide in raw groundwater consumed by both humans and livestock.  

The range and mean concentration of BMI observed in this study is comparable to 

published studies in North American (Bruhn et al., 1983; Castro et al., 2010). A 

California study by Bruhn et al. (1983) reported a mean iodine concentration of 256±234 

µg/kg from 1389 raw milk samples, while a higher mean level of 304±8.4 µg/kg was 

reported in a more recent study from 501 Canada dairy farms (Castro et al., 2010). Milk 

iodine levels vary significantly among countries, with France averaging 44 µg/kg in the 

summer and 97 µg/kg in winter (Lamand and Tressol, 1992), and studies from Ireland 

and Czech Republic report mean concentrations of 227 µg/L and 310.4±347µg/kg 

(O’Brian et al., 1999; Kursa et al. 2005). Several studies have observed even higher mean 

BMI levels (Ruegsegger et al., 1983; Fisher et al., 1993; Travnicek et al., 2006). 

Pennington (1990) reported a mean iodine level of 340 µg/kg, while 175 Wisconsin dairy 

herds had an average BMI concentration of 466 µg/L (Ruegsegger et al., 1983). This 

current study found that about 13% (n=10) of the herds had milk that contained iodine 

levels in excess of the accepted maximum allowable limit for human consumption (>500 

µg/L). Also, this study was targeting areas of where iodine groundwater sources in water 

were believed to be contributing to BMI and therefore it may not be representative of 

typical percentages of exceedances. Canadian reports include large variation in the 

percentage of herds producing BMI levels in excess of 500 µg/L with the percent of 

farms ranging from less than 5% or upwards of 40% (Castro et al. 2010; Keefe, 2013). 
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The use of an iodine-based pre- or post disinfectant and removal of residual pre-

dip during udder preparation were not significantly associated with BMI levels in this 

study. Many studies have investigated the effects that iodine-based teat disinfectants have 

on BMI content with varying results (Berg and Padgitt, 1985; Galton, 2004; Castro et al., 

2012; Flachowsky et al., 2014). Reports have detected significant increases in BMI 

according to the iodophor concentration of pre-milking and post-milking teat solutions 

(Galton et al., 1984, 1986; Galton, 2004). The iodine residue in milk significantly 

increased in two separate trials comparing the use of a 1% and 0.5% iodophor teat dip 

(Galton et al., 1984), and a 1% and 0.1% iodophor teat dip (Galton et al., 1986). These 

results are in agreement with Galton (2004) who assessed a significant association 

between milk iodine content and iodophor post-milking disinfectant application, and 

observed a 27 µg/L to 31.8 µg/L increase in milk iodine content. Comparatively, other 

studies have observed relatively larger increases, of up to 100 µg/L, in the concentration 

of iodine in milk when iodophor teat disinfectants are introduced (Flachowsky et al., 

2014; French et al., 2016). Results from the current study are in line with reports by Berg 

and Padgitt (1985), who observed no significant association or appreciable increase in 

milk iodine content with the use of an iodophor teat disinfectant. This lack of an 

association may indicate that producers are effectively removing the iodine disinfectant 

products from the teat surface prior to the application of the milking units. 

The use of an iodine based post-milking disinfectant did not significantly impact 

BMI levels in this study; however, producers who indicated that cover the full teat and 

udder base with post-milking disinfecting solution had significantly higher milk iodine 

concentrations. The post-milking iodophor disinfectant coverage goal producers strive for 
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has not been assessed in previous reports; however, these result can be compared to other 

studies investigating the degree of teat cover by application strategies of dipping or 

spraying (Rassmussen et al., 1991; Castro et al., 2012; French et al., 2016). The most 

likely route by which teat dip gets into the milk is through teat tissue absorption rather 

than contamination (Conrad and Hemken, 1978). It is likely that a greater amount of 

iodophor post-milking teat disinfectant would be absorbed effectively through the teat 

skin with greater teat and mammary surface area coverage. In addition, unlike the teat, 

the mammary gland is not routinely washed at each milking, thereby allowing any 

iodophor residues ample time to absorb from the mammary surface after milking.  

The method used to apply iodophor teat disinfecting solutions (i.e. dip or spray) 

have been shown to directly influence iodine content in milk (National Academy of 

Sciences, 1980; Rassmussen et al., 1991; Castro et al., 2012; French et al., 2016). Spray 

application increases the absorptive area of the skin and mammary gland due to greater 

coverage of the teat and mammary skin. Castro et al. (2012) determined that the 

application of a 1% iodine teat disinfectant by spray (hand or in-line) increased milk 

iodine concentrations by 122% with levels reaching well above 500 µg/L. Another study 

reported less of a difference, with milk iodine content only increasing by 21 µg/L, an 

approximate 23% increase, with spray application (French et al., 2016). The current study 

observed no significant change in BMI levels in relation to the mode of iodophor 

containing teat disinfectant application. However, this lack of an association is likely the 

result of insufficient statistical power as approximately half of the farms that applied an 

iodophor teat disinfectant by spray had high BMI levels, suggesting a significant 

relationship may have been identified if the size of the study had been increased. This 
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lack of an association may also indicate that producers are effectively removing the 

iodophor disinfectant solution from the teat surface prior to the application of the milking 

units. 

In the current study there is a significant linear association between BMI content 

and the dietary iodine content measured in the milking herd ration. These results are in 

accordance with several recent studies (Franke et al., 2009a; Franke et al., 2009b; Schöne 

et al., 2009; Moschini et al., 2010; Castro et al., 2010; Castro et al., 2011; Norouzian, 

2011; Castro et al., 2012). Contradictory to these findings, Alderman and Stranks (1967) 

and Binnerts (1958) used models to suggest that the percentage of iodine secreted into 

milk would decrease with increased dietary iodine supply. More recent studies have not 

supported this theory, but rather demonstrate that milk iodine levels directly increase with 

increased iodine supplied in the diet (Kaufmann et al., 1998; Flachowsky et al., 2007; 

Franke et al., 2009a; Franke et al., 2009b; Schöne et al., 2009; Moschini et al., 2010). 

Similar results were reported in dose-response studies by Franke et al. (2009a, 2009b) 

who observed a linear increase in milk iodine content when increased levels of iodine 

were supplied in diets consumed by cattle. A Canadian study grouped farms according to 

low (1.20 mg/kg DM) or high (1.81 mg/kg DM) iodine content in diets, and found that 

farms with high iodine supply had milk iodine levels of approximate 5-fold greater than 

farms supplying low dietary iodine supplementation (Castro et al., 2011).  

The feed delivery system and the availability of an ad libitum iodized salt lick 

block were not significantly associated with increased BMI levels in our model. In the 

lactating dairy cow diet, the concentration of iodine may vary according to crop and 

forage variety or species, season, or soil and groundwater iodide concentrations 
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(Underwood and Suttle, 1999; Flachowsky et al., 2014). In the targeted regions of this 

study it is likely that soil and water iodide concentrations are influenced by Paleozoic 

marine sediments deposition or porewater percolation into aquifers, or contamination by 

iodine containing faeces or urine, as well as leaching of iodine containing pesticides and 

fertilizers that are applied to the soil surface (Underwood and Suttle, 1999; Flachowsky et 

al., 2014; Fuge and Johnson, 2015). In the current study, there was a tendency to see 

higher dietary iodine levels on farms containing high levels of iodide in their 

groundwater; however, the association was not statistically significant, likely due to a 

lack of power. According to the NRC (2001), a non-lactating dairy cow (600 kg BW) 

requires 330 µg of iodine/kg of dry matter (DM) daily. Once lactating, daily needs are 

increased to 500 µg of iodine/kg DM daily due to intensified thyroxine production and a 

10% secretory lost dietary iodine through milk (NRC, 2001). Un-supplemented rations 

commonly do not contain enough iodine to meet these requirements, and forages alone 

have been shown to supply approximately 17% of the cow’s dairy iodine requirement 

(Castro et al., 2011). Rations containing extremely high iodine levels are typically the 

result of intensified supplementation with iodized minerals and premixes (Flachowsky et 

al., 2014). While ensuring requirements are adequately met, many pre-mixes containing 

very high levels of iodine, typically between 50,000 and 100,000 µg of iodine/kg, are 

commonly supplemented to improve reproductive performance in early lactation (Dunn 

and Delange, 2001; Castro et al., 2011). Only limited information on the iodine content of 

dietary supplements and ration ingredients was available, therefore the level of iodine 

these additives contributed to the rations could not be accurately determined. Future 

investigations should consider sampling and testing each ration component in order to 
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identify the major iodine contributing components. Nonetheless, over-supplementation of 

iodine containing mineral mixes or commercial supplements should be avoided, and 

special attention should be given when formulating the milking herd diet, especially in 

herds with high BMI.  

Many studies have reported significantly different BMI concentrations in different 

geographic regions (Pennington, 1990; Travnicek et al., 2006; Keefe, 2013; Crnkic et al., 

2015). A North American study reported statistically higher iodine levels in milk 

produced in the western and central regions of the USA compared to milk produced in 

the eastern areas of the country (Pennington, 1990). Regional differences in the iodine 

concentration of milk were also observed in two separate European studies with low milk 

iodine concentrations observed in the eastern mountains of France, and exceptionally 

high iodine levels assessed in milk from the north-eastern region of Bosnia (Lamand and 

Tressol, 1992; Crnkic et al., 2015). Significantly different BMI levels were not observed 

between the two focal regions in the present study. This is not surprising given that these 

regions were known to have herds with a wide distribution of BMI levels, and geological 

attributes that were known to produce high iodine water (OMAFRA, 1987; Hamilton et 

al, 2015; Keefe, 2015).  

Only significant unconditional associations were observed between the BMI level 

and well characteristics including the number of wells on farm, well type, well depth and 

age. The number of wells on farm and age was not expected to have an affect on the 

iodide level measured in groundwater samples, but type (i.e. dug or drilled) and depth of 

wells used on farm was expected to be influential. At a depth of 3.7 to 7.6 meters (12-25 

feet), dug wells are much shallower than drilled wells, which are usually drilled to a 
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depth of 45 meters (150 feet) or more. Well depth is important since groundwater from 

deep aquifers often contain higher concentrations of iodide, especially in regions lining 

the coast (Anderson et al., 2009; Li et al., 2017). Dug wells obtain groundwater from 

shallow aquifers and are expected to contain minimal amounts of iodide naturally, but 

surface contamination from rainwater, animal excretions or fertilizer application may 

lead to increased iodide levels in these shallow aquifers (National Academy of Sciences, 

1980). In this study, one producer sourced water from a river, and six producers had dug 

wells all at a depth of 15 meters or less with detectable iodide levels ranging from 6.1 

µg/L to 14.4 µg/L. Two of these six groundwater samples contained iodide 

concentrations below the detectable limit of 5 µg/L and so they were listed at 2.5 µg/L. 

The majority of farms had drilled wells (n=67) at a depths of <15 meters to >100 meters 

with a wider detectable iodide level range of 6.3 to 2100 µg/L, and 11 groundwater 

samples containing iodide concentrations below the detectable limit (5 µg/L). Municipal 

water was supplied to 6 farms, and all of these samples contained iodide concentrations 

below the detectable limit. Consistent with past reports, the present study found greater 

iodide concentrations in groundwater at greater well depths (Anderson et al., 2009; Li et 

al., 2017), but these well characteristics are not significantly associated with increased 

BMI levels. However, this lack of an association is likely due to insufficient statistical 

power and warrants further study in the future. To our knowledge no investigations have 

been conducted to assess the potential association between BMI levels and well 

characteristics while also taking into account the area’s geological setting, and so more 

research is necessary to address this gap in the literature.   
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LIMITATIONS 

The estimates presented in the current study are subject to a number of 

limitations. Farms in this study were invited to participate based on their location within a 

region with historically elevated BMI and were given the right to refuse involvement in 

the study both of which introduce a potential selection bias. Farmers defined as 

‘proactive’ are commonly more informed and compliant with regulations relative to 

farmers defined as reclusive or traditional. Producers who wished to participate may be 

more proactive farm managers that maintain a lower BMI history than those producers 

that refused to participate. Alternatively, producers who have chronically elevated or high 

BMI levels may have also been more inclined to participate in an effort to determine the 

potential cause of their increased milk iodine levels. In this case, iodine content in these 

regions may have been over-estimated, as the percent of farms presenting milk above 500 

µg/L was over two times greater than previous national reports of 5 percent (Keefe, 

2013).  

Samples of the groundwater directly consumed by the lactating herd were not 

collected, only raw groundwater samples. A total of 32 farms treated their groundwater 

for bacterial content or used filtration devises to remove debris; however, none of these 

farms treated their water with a system that would be effective in removing iodide 

directly. According to previous reports the treatment and filtration strategies currently 

used on most farms are not able to remove significant amounts of iodide from the water 

(Kumar et al., 1986; Deborde and von Gunten, 2008; Kim et al., 2008). Therefore, the 

iodide concentration in both raw and treated water was expected to be comparable and it 

was decided that only raw groundwater samples would be collected for testing.  
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CONCLUSION 

This study provides further evidence that the level of iodine in milk and dairy 

products may vary considerably, depending on a variety of on-farm factors. The results of 

this study confirms that a significant association exists between the concentration of 

iodide in raw groundwater and milk iodine content, but other factors associated with 

milking management, such as the coverage goal of post-milking disinfectants on teats and 

iodine content of feed also affect the concentration of iodine in milk. Most of the study 

farms produced milk with an iodine concentration considered to be normal (<500 µg/L) 

based on provincial standards; however, some farms continue to produce milk with 

iodine levels beyond normal limits indicating that actions should be taken to reduce 

iodine levels in Ontario milk. Identifying the origin of iodine detected in raw milk is vital 

in determining the major contributing source(s), and isotopic ‘fingerprinting’ of iodine in 

milk and various water, nutritional and anthropogenic sources could provide definitive 

evidence of the iodine origin and should be explored in future research. Additional 

investigations should be performed to test iodide concentrations in water consumed by 

cows, and water treatment methods assessed in an effort to reduce water iodide on 

reported high-risk dairy farms. 
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Figure 2.1 A Causal Diagram delineating variables of interest and plausible associations 
among predictor variables and the milk iodine level outcome.  
 

 

 

  
 
Figure 2.2 Frequency distribution (number of farms) of milk iodine concentrations    
(micrograms per liter; µg/L) on all 80 Ontario dairy farms.	  
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Figure 2.3 Correlation between bulk milk iodine (BMI) concentrations in relation to 
groundwater iodide concentration. 
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Figure 2.4 Correlation between bulk milk iodine (BMI) concentration and dietary iodine 
content in the lactating herd ration. 
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Table 2.1 A summary of the relative percentage of farms observed with low, elevated 
and high milk iodine levels in relation to primary predictor variables.  
 

 
Variable 

Distribution of milk iodine concentrations on farms 
presented as n (%)  

Low 
Iodine 
(<350 
µg/L) 

Elevated Iodine (350 to 
500 µg/L) 

High Iodine (>500 
µg/L) 

 
Ontario 
Region 

 
Eastern (n=58) 

 
42 (72.4) 

 
7 (12.1) 

 
9 (15.5) 

Southwestern 
(n=22) 

 

18 (81.8) 3 (13.6) 1 (4.5) 

Drinking Water 
Iodide 

Concentration 

≤ 2.5 µg/L	   16 (20) 2 (2.5) 2 (2.5) 
2.6-14.1 µg/L 17 (21.3) 1 (1.3) 1 (1.3) 

14.2-82.8 µg/L 19 (23.8) 2 (2.5) - 
≥ 82.9 µg/L  

 
8 (10) 5 (6.3) 7 (8.8) 

Dietary Iodine 
Content 

≤ 367 µg/kg 
367-610 µg/kg 

611-1009 
µg/kg 

≥1010 µg/kg 
 

18 (23.1) 
17 (21.8) 
13 (16.7) 
10 (12.8) 

- 
1 (1.3) 
5 (6.4) 
4 (5.1) 

2 (2.6) 
1 (1.3) 
2 (2.6) 
5 (6.4) 

Number of 
Wells 

1 well 24 (30)  4 (5) 7 (8.8) 
2 wells 24 (30) 6 (7.5) 2 (2.5) 

3+ wells 4 (5) - 1 (1.3) 
Municipal or 

River 
 

8 (10) - - 

Major Well Drilled 46 (57.5) 11 (13.8) 10 (12.5) 
Dug 6 (7.5) - - 

Other 
 

7 (8.8) - - 

Depth <60 meters 44 (55) 9 (11.3) 9 (11.3) 
>60 meters 6 (7.5) 1 (1.3) 1 (1.3) 

Unsure 
 

10 (12.5) - - 

Age of Well <10 years 17 (21.3) 2 (2.5) 3 (3.8) 
>10 years 35 (43.8) 8 (10) 7 (8.8) 

Unsure 
 

8 (10) - - 

Treated water 
consumed by 

cows 
 
 
 
 

Yes 26 (32.5) 2 (2.5) 4 (5) 
No 34 (42.5) 8 (10) 6 (7.5) 
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Water Source  
 
 
 
 
 
 
 

Cup/bowl 19 (23.8) 3 (3.8) 5 (6.3) 
Tank/trough 29 (36.3) 6 (7.5) 4 (5) 
Both Cup & 

Trough 
12 (15) 1 (1.3) 1 (1.3) 

River/ Lake 
directly 

2 (2.5) - - 

Other - - - 

Feed Type 
 
 
 
 

TMR 43 (53.8) 7 (8.8) 6 (7.5) 
Component 13 (16.3) 3 (3.8) - 
TMR & Top 

Dress 
4 (5) - 4 (5) 

Times per day 
fresh feed 
delivered 

Fresh feed all 
day 

6 (7.5) - 1 (1.3) 

Once  17 (21.3) 3 (3.8) 1 (1.3) 
Twice  27 (33.8) 5 (6.3) 5 (6.3) 

Three or more 10 (12.5) 2 (2.5) 3 (3.8) 
Mineral 

Supplement  
 

Yes  10 (12.5) 3 (3.8) 2 (2.5) 
No  50 (62.5) 7 (8.8) 8 (10) 

Enrolment in 
Milk Recording  

 

Yes  40 (50) 6 (7.5) 10 (12.5) 
No  20 (25) 4 (5) - 

Number of 
Milking Cows 

 
 
 

<57 15 (18.8) - 3 (3.8) 
57-73 14 (17.5) 6 (7.5) 1 (1.3) 

74-117 15 (18.8) 1 (1.3) 4 (5) 
≥118 16 (20) 3 (3.8) 1 (1.3) 

Average Milk 
Production 
(liters/year) 

 
 

<8816 15 (18.8) 3 (3.8) 1 (1.3) 
8816 - 9871 15 (18.8) 2 (2.5) 3 (3.8) 

9872 - 10646 18 (22.5) 1 (1.3) 1 (1.3) 
≥10647 12 (15) 4 (5) 4 (5) 

Milking System  Parlour 32 (40) 6 (7.5) 2 (2.5) 
Pipeline  24 (30) 4 (5) 5 (6.3) 
Robotic  3 (3.8) - 3 (3.8) 
Other  1 (1.3) - - 

Auto Tank 
Wash  

 

Yes  58 (72.5) 10 (12.5) 9 (11.3) 
No  2 (2.5) - 1 (1.3) 

Pre-  
disinfectant 

Used  
 
 
 
 
 
 
 

≤ 5% iodine 
based 

24 (30) 5 (6.3) 3 (3.8) 

≥ 10% iodine 
based 

7 (8.8) 2 (2.5) 2 (2.5) 

Not Iodine 
based  

29 (36.3) 3 (3.8) 5 (6.3) 
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Teat Prep prior 
to Milking 

 
 
 
 
 
 
 
 
 
 
 

Disinfectant 
dip 

29 (36.3) 9 (11.3) 3 (3.8) 

Disinfectant 
Spray 

5 (6.3) - - 

Wash with 
water 

3 (3.8) - 2 (2.5) 

Wash with 
Udder wash  

14 (17.5) - 4 (5) 

Sanitizing gel 
wipe 

- - - 

Other  1 (1.3) - - 
None 8 (10) 1 (1.3) 1 (1.3) 

Teat cleaning 
prior to milking 

 
 

Single use  49 (61.3) 9 (11.3) 7 (8.8) 
Multiple use  6 (7.5) 1 (1.3) - 

None  5 (6.3) - 3 (3.8) 

Type of Towel 
 
 
 
 

Cloth 30 (37.5) 6 (7.5) 3 (3.8) 
Paper towel 22 (27.5) 4 (5) 4 (5) 

Alcohol tissue  3 (3.8) - - 
None 5 (6.3) - 3 (3.8) 

Time spent 
wiping/drying 

teats 
 

≤9 seconds  16 (20) 5 (6.3) 5 (6.3) 
≥10 seconds 35 (43.8) 5 (6.3) 2 (2.5) 

None 9 (11.3) - 3 (3.8) 

Post- 
disinfectant 

used  
 

≤ 5% iodine 
based 

10 (12.5) 2 (2.5) 2 (2.5) 

≥ 10% iodine 
based 

30 (37.5) 7 (8.8) 5 (6.3) 

Not Iodine 
based  

20 (25) 1 (1.3) 3 (3.8) 

 
Iodine based 

post-disinfectant 
application 

 

 
Dip 

 
35 (62.5) 

 
9 (16.1) 

 
3 (5.4) 

Spray  5 (8.9) - 4 (7.1) 

Disinfectant 
coverage goal 

2/3 teat 16 (28.1) 3 (5.3) 1 (1.8) 
Full teat 23 (40.4) 6 (10.5) 1 (1.8) 

Full teat & 
Udder base 

2 (3.5) - 5 (8.8) 
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Table 2.2 Comparison of the iodine content in the lactating herd ration in relation to bulk 
milk iodine (BMI) level, groundwater iodide concentration and the feed delivery system 
used on farm. 
 

 
Variable 

Concentration of iodine in lactating herd ration 
Number of 

Observations 
 

Mean (µg/L) 
 

Range (µg/L) 
BMI Level 
Normal 
Elevated 
High 
 
Groundwater Iodide 
Concentration 
< 2.5 µg/L 
2.6-14.1 µg/L 
14.2-82.8 µg/L 
≥ 82.9 µg/L 
 
Feed Delivery System 
Total mixed ration (TMR) 
TMR & Top Dressing 

78 
58 
10 
10 

 
 

78 
18 
19 
21 
20 

 
78 
56 
8 

 
609.8 
970.7 
1109 

 
 
 

749.6 
689.6 
661.9 
783.5 

 
 

710.3 
899.8 

 
40 – 1792 

514 – 1278 
288 – 2447 

 
 
 

40 – 1792 
188 – 1591 
66 – 1194 

122 – 2447 
 
 

40 – 2447 
423 – 1779 

Component 14 656.4 115 – 1792 
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Table 2.3 Significant (liberal p<0.2) unconditional associations between the iodine 
content in bulk tank milk and various predictor variables hypothesized to be influential 
factors on milk iodine level. 
 

Variable n P- Value Coefficient 
Estimate 

Standard Error 95% CI 

Water Iodide content 80 <0.0001 0.43 0.06 0.12, 0.28 

Ration Iodine content 78 <0.0001 0.28 0.05 0.19, 0.37 

Number of Wells       
1 Well Ref Ref Ref Ref Ref 
2 Wells  32 0.097 -89.05 52.99 -194.58, 16.49 
3 Wells  5 0.218 -128.69 103.58 -334.98, 77.60 
Other  
 

8 0.056 -164.49 84.70 -333.58, 4.61 

Well Type      
Dug  Ref Ref Ref Ref Ref 
Drilled  67 0.132 140.47 92.20 -43.12, 324.06 
River/Municipal  
 

7 0.954 -6.90 120.37 -246.59, 232.78 

Well Depth      
Unsure  Ref Ref Ref Ref Ref 
<60 meters  62 0.052 145.93 74.01 -1.45, 293.31 
>60 meters  
 

8 0.100 171.78 103.02 -33.37, 376.92 

Well Age      
Unsure  Ref Ref Ref Ref Ref 
<10 years  22 0.189 119.35 90.02 -59.90, 298.61 
>10 years  
 

50 0.065 155.49 83.03 -9.85, 320.82 

Type of Feed      
Component  Ref Ref Ref Ref Ref 
TMR  56 0.272 68.21 61.69 -54.63, 191.04 
TMR/Top Dress  8 0.052 185.69 94.23 -1.95, 373.32 

Canwest DHI      
No Ref Ref Ref Ref Ref 
Yes  
 

56 0.007 142.62 51.60 39.89, 245.35 

Milk Production 
Categories 

  
 

   

< 8816 Ref Ref Ref Ref Ref 
8816 - 9871 19 0.355 64.15 68.96 -73.36, 201.66 
9872 - 10646 20 0.948 4.5 68.96 -133.01, 142.01 
≥ 10646  
 

20 0.036 156.13 73.04 10.48, 301.77 
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Milking System      
Parlour Ref Ref Ref Ref Ref 
Pipeline  

Robotic  
 

33 
6 

0.189 
0.014 

66.71 
235.89 

50.36 
93.76 

-33.60, 167.02 
49.15, 422.63 

Iodophor Post-
Disinfectant Application 

     

Spray Ref Ref Ref Ref Ref 
Dip 

 
57 0.029 -163.05 72.48 -308.37, -17.74 

Iodophor post-milking 
Coverage Goal 

 
 

 
 

   

Iodophor post-
disinfectant not used 

Ref Ref Ref Ref Ref 

2/3 Teat  

Full Teat  
20 
30 

0.945 
0.510 

-4.06 
35.08 

58.45 
52.99 

-120.48, 112.36 
-70.46, 140.61 

Full Teat/Udder  7 <0.001 235.96 82.53 250.25, 578.98 
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Table 2.4 Final Linear Regression model with predictor variables associated with the 
outcome of bulk milk iodine (BMI) concentration.  
 
Variable n P- Value Coefficient 

Estimate 
Standard 

Error 
95% CI 

Water Iodide content 78 <0.0001 0.327 0.05 0.23, 0.42 

Ration Iodine content 78 <0.0001 0.171 0.03 0.10, 0.24 

Iodophor Post-milking 
Coverage Goal 

57 <0.0001    

2/3 Teat 1 20 0.751 12.52 39.36 -65.94, 90.97 

Full Teat 1 30 0.341 34.09 35.54 -36.75, 104.94 

Full Teat & Udder 1 7 <0.0001 314.32 55.43 203.82, 424.81 

Intercept - 0.021 76.51 32.49 11.74, 141.29 

R-Squared  0.7022 Observations 78 

Adjusted R-Squared  0.6815 Root Mean Squared 
error 

124.68 

Source  DF SS MS F P 
Regression  5 2639289.35 527857.87 33.96 <0.0001 
Residual  72 1119169.48 15544.02   
Total  77 3758458.83 48811.15   

1 Referent group is producers that do not utilize an iodophor containing post-disinfectant product. 
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APPENDIX 1:  Water and Milking Farm Management Questionnaire Issued to 
Ontario Dairy Producers in 2016.  

 
 
 

2016 - Water and Milking Farm Management Questionnaire 
 
Contact Person:________________________________   

Phone :_____________________ 

Farm Name:_______________________  DFO Licence No. _____________________ 

Address:______________________________________________________ 

Email:_____________________________________ 

 

1. How many wells do you have and use on the farm?    1    2     3 
 
2. Please check (ü) areas that apply to the well(s) on your property:   
 
 

Wells on 
property 

Well #1 Well #2 Well #3 

Type(s) of well 
on property : 

 
Drilled 

 
Dug 

 
Other  
Specify: 

 
Drilled 

 
Dug 

 
Other  
Specify: 
 
 

 
Drilled 

 
Dug 

 
Other  
Specify: 

 
Check (ü) the 
most appropriate 
depth range of 
well(s) : 
 

 Less than 15 meters 
deep 
 

 Less than 15 meters 
deep 

 Less than 15 meters 
deep 

 15 to 60 meters deep  15 to 60 meters deep  15 to 60 meters deep 

  60 to 100 meters deep      
 

 60 to 100 meters deep       60 to 100 meters deep      

  Greater than 100 
meters deep 

 Greater than 100 
meters deep 

 Greater than 100 
meters deep 
 

 
Check (ü) the 
most appropriate 
age range of 

 Less than 5 years old  Less than 5 years old  Less than 5 years old 

Section	  1.	  WELL	  &	  WATER	  SUPPLY	  
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well(s): 
 

 5 to 10 years old  5 to 10 years old  5 to 10 years old 

  10 to 30 years old   10 to 30 years old   10 to 30 years old 

 Greater than 30 
years old 
 

 Greater than 30 
years old 

 Greater than 30 
years old 

 
Roughly how 
much water is 
drawn from your 
well(s) daily? 
 

   

 
Does a specific 
well supply 
water to the 
milking herd? 
 

   
 Yes 

Please specify why: 

  
  Yes 
Please specify why: 

  
  Yes 
Please specify why: 

   
 No 

   
 No 

   
 No 

 
 
3. Have you had your well water tested for Iodine?  

   Yes       Do you recall if iodine levels were high?   Yes     No      
 No      

 
4. Do cattle consume water that is treated, sent through softeners and/or filtration 
equipment?  

No (raw well water) 
Yes                    Please specify specific treatment used and why:  

 
___________________________________________________________________ 

 
 
5. Check (ü) all that are applicable to your farm: 
 

Check (ü) 

Fresh water is always available to my cattle  
Water is available that has settled for some time (i.e. in a trough)  
Water is supplied from manually filled troughs  
Water is supplied through float/trough system  
Water is supplied through nose pump bowls  
Other, please specify:  
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6. Please check (ü) the type of feed your lactating herd receives. 
 Total mixed ration (TMR) ☐ 
 Total mixed ration with top dress ☐ 
 Component fed ☐ 
 

7. How many times a day does your lactating herd receive fresh TMR or concentrate 
feedings? 

             Free access ALL day    Once a day    Twice a day    3 or more times a day 
 
8. Does your lactating herd have access to an iodized salt block?  Yes   No 
 
9. Are milking cows fed a mineral supplement?  

No  
Yes                   Please specify mineral supplement:________________________  

 
 
10. Do you currently supplement your milking cow ration with iodine? 

Yes     Please specify iodine supplement:_____________________________ 
         No 
 
11. Check (ü) if any of the following feeds are components of the milking cow ration: 
 

 kelp or 
seaweed 

rapeseed cabbage turnip rutabaga 

salt block  salt/mineral 
suppliment 

linseed soybean or 
soybean products 

corn silage 

brussel sprouts kale 
     

12. Are any of the following products used for treatment purposes (foot rot, cough etc.)? 
 

Sodium Iodide       Black iodine 
ointment 

E.D.D.I (i.e. 
iodexine) 

Calcium iodate 

Potassium iodide Other iodine product   Please specify:  
 

 
 
 
 
 
 
 
 
 

Section	  2.	  FEEDING	  SYSTEM	  *milking	  cows	  only*	  
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13. What is the total number of cows in your dairy herd? _______     
 
14. On average, how many cows do you milk every day?  _______ (i.e. number of 
lactating cows) 
 
15. What is your average level of milk production per cow per year? __________ L/year 
 
16. What type of milking system do you use on your farm?    Parlor    Pipeline   
Robotic  
 
17. Does your farm utilize an automatic tank washing system?  

Yes  If known, please specify detergent used:__________________________ 
         No 
 
18. Is an iodine based solution used to clean any part of the milking system?  

Yes     Please specify solution used: ____________________________________ 
No     

 
19. Do you have a standard procedure for milking?  

Yes      How satisfied are you with that procedure? 
No    Very satisfied    Satisfied      Unsatisfied       Very 

unsatisfied 
 
20. Is an iodine based disinfectant used on teats?  

Yes     Please specify solution used: ____________________________________ 
No     

 
21. What procedures do you use to prepare the teats and udder before milking? 

A. Teat preparation before milking:  Disinfectant dip      Wipe with sanitizing gel     
Water  
    

Disinfectant spray   Wash with udder wash      None 
 

 
B. Teat cleaning before milking:         Single use paper towel           Single use cloth 
towel           
 

      Multiple use paper towel       Multiple use cloth towel          

      Alcohol Tissue                           None 

C. Please estimate the time you spend per cow wiping/drying all four teats just prior 
to milking? 
  Under 5 seconds    5 to 9 seconds    10 to 14 seconds     15 seconds or more 

 
 
 
 

Section	  3.	  MILKING	  HERD	  AND	  PROCEDURES	  
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22. What procedures do you use on the teats and udder after milking? 
None  Disinfectant spray Disinfectant dipàDescribe your dip coverage goal? 

 
 
 
 

 
 
 
23. Are you aware of any concerns regarding iodine in milk? 

Yes                     25.A. When did you first learn about iodine in milk? 
No     About a year ago    More recently    I don’t recall. 

 
24. To the best of your knowledge, has the iodine level in your bulk milk tank been 
checked?  

Yes               As you recall, what level was it? High  Moderate Low  I don’t recall   
No 

 
25. Check (ü) areas where your farm has actively tried to eliminate sources of excess 
iodine in    
       milk, and whether it was successful or not successful in reducing milk iodine levels: 
 

 Check 
(ü) 

Successfu
l 

Not 
successful 

Discontinued use of iodine based sanitizers to clean milking equipment or 
pipeline    

Changed pre and/or post milking teat and/or udder sanitization practice ( i.e. spray 
to dip)    

Changed from iodine udder wash to non-iodophor product     
Consulted nutritionist and reduced iodine content/supplementation in ration    
Removed free choice iodized salt blocks     
Other, please specify:    

 
26. Circle on the following scale (0-8), how you would rate your efforts in managing 
milk iodine levels where:  

0- I don’t make an effort to reduce milk iodine levels 
8-   I make a substantial effort to reduce milk iodine levels 

 
1 2 3 4 5 6 7 8 

 
 

 
Thank you, for your participation and time ! 

 

Only the bottom 2/3 of each teat  
Full coverage of all teats  
Full teat plus the base of the udder  

Section	  4.	  MANAGEMENT	  OF	  IODINE	  ON	  THE	  FARM	  
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ABSTRACT 

Studies have determined that water can contribute significant amounts of iodine to the 

human diet, and tap water is suggested to be a primary source of dietary iodine in some 

countries. Although iodine in water can affect human iodine intake, there has been no 

work published looking at groundwater as a potential source of iodine for cattle, or as a 

significant contributor to the iodine content of raw milk. The ratio of radiogenic to non-

radiogenic iodine (129I/127I) in substrates such as milk and groundwater can serve as an 

isotopic fingerprint unique to that particular substrate. Comparing the isotopic fingerprint 

of milk with the fingerprint of potential sources of iodine intake for the lactating dairy 

herd can be useful in identifying which sources are significant contributors to raw milk 
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iodine content. The objectives of this study were: 1) to describe the isotopic composition 

of iodine both in the milk produced and the water consumed by the lactating herd on 

dairy farms in two regions of Ontario; and 2) to compare the respective isotopic ratios to 

determine if groundwater is a major contributing source of iodine in raw bovine milk. 

Results suggest that the isotopic fingerprint of BTM and groundwater consumed by 

lactating cattle contain very comparable radiogenic and geogenic identities, supporting 

the hypothesis that BMI levels can be significantly altered by iodine inputs from 

groundwater consumed by the milking herd. Comparably high BMI concentrations were 

observed in herds that consumed groundwater containing excessive levels of iodide, 

while smaller BMI concentrations were observed on farms where the iodide content in 

the water consumed was also low. Likewise, where iodine in the water supply was more 

geogenic (i.e. where the 129I/127I ratio is lower) the corresponding BMI was also more 

geogenic, especially in eastern and southwestern Ontario. As a result, groundwater 

consumed by the lactating herd should be monitored for total iodide concentration on 

dairy farms producing BTM with high concentrations of iodine. Isotopic fingerprinting is 

an innovative approach to trace the origin of iodine in raw milk. 

 

Keywords: Iodine; groundwater; milk iodine; groundwater iodide; isotopic fingerprinting 

 

INTRODUCTION 

Bovine milk and other dairy products are naturally enriched with iodine, making 

them leading nutritional sources of iodine for humans. Many factors are known to 

influence raw milk iodine concentrations, with the greatest contributing factors suggested 
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to be the feeding of fortified feedstuffs and the methods of application and removal of 

iodine based teat disinfectants (Castro et al., 2011; Castro et al., 2012; Flachowsky et al., 

2014). The iodine concentration and availability in the local environment (soil, rock, 

water) is also suggested to be an important determinant of animal iodine uptake, altering 

bulk milk iodine (BMI) concentrations as well, because environmental concentrations are 

reflected in the plants, forages and water consumed (British Geological Survey, 2000; 

Lehoczki et al., 2010). 

Groundwater and forages express different stable and radio-isotopic fingerprints 

(ratios) which are unique due to the complex behavior of iodine in the environment. As a 

result these isotopes serve as important geochemical tracers utilized as pathfinders to 

trace groundwater and surface interactions (Hou et al., 2009; Fuge and Johnson, 2015). 

Iodine can occur in many chemical forms, although only two isotopes exist naturally in 

appreciable quantities: 1) the stable isotope 127I, which is ubiquitous in earth materials 

including water and plants,  and is a necessary micronutrient; and 2) 129I, which has a 

long half-life of 15.7 million years and decays via β- decay into stable 129Xe (Hou et al., 

2009). 129I represents only a small fraction of the world’s iodine inventory (Hou et al., 

2009; Snyder et al., 2010; Fehn, 2012), and is naturally produced by cosmic ray 

bombardment of Xe in the atmosphere (cosmogenic 129I), and in the subsurface 

environment primarily by spontaneous fission of Uranium 238. Both sources contribute 

significantly to the 129I pool in seawater. An abundance of artificial (anthropogenic) 

radioactive 129I continues to be formed and distributed globally in the surface 

environment as a result of the reprocessing of nuclear fuels and nuclear weapon testing, 

overwhelming the natural 129I background levels (Hou et al., 2009; Snyder et al., 2010). 
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The concentration of 129I is often expressed as the ratio 129I/127I, and covers wide orders of 

magnitude in the environment (Sahoo et al., 2009; Osterc et al., 2011; Fehn, 2012). 

Present day background 129I /127I ratios in the ocean are estimated at approximately 10-10, 

whereas the pre-anthropogenic ratio, prior to the nuclear era, has been estimated at 

1.5x10-12 (Osterc and Stibilj, 2011; Fehn, 2012).  

The radioisotope, 129I, is strongly bound and highly concentrated in shallow soil 

layers of oceanic or terrestrial environments, reservoirs, and plants or forages that have a 

high concentration of organic matter (Schmidt et al., 1998; Muramatsu et al., 2004; 

Sahoo et al., 2009). Anthropogenic 129I is added to the surface environment through wet 

and dry deposition, and decreases substantially with increased depth into the sediment 

layer, and does not often exist in deep groundwater sources (Schmidt et al, 1998; Fehn, 

2012). Unnaturally high concentrations of anthropogenic 129I detected in the upper soil 

layers and surface waters has led to increased radioactive profiles in pasture grasses and 

forages consumed by cattle, thereby increasing the concentration of radioactive 129I 

detectable in their milk as shown in Figure 3.1 (NRC, 2004). Anthropogenic 129I has also 

been detected in milk produced by cows exposed to the radioisotope likely through the 

diet, which suggests radioactive 129I can be consumed and travel unaltered into saleable 

milk. Fortunately anthropogenic 129I in milk has not led to significant radiation exposure 

to humans (Schmidt et al., 1998). 

Unlike the surface environments, deep aquifers, porewaters, and basin brines 

contain little to no anthropogenic 129I because slow groundwater recharge of these 

systems means that the groundwater is often older than the nuclear era. As a result, deep 

groundwater is considered a pre-nuclear isotopic reservoir where smaller amounts of 
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geogenic (natural) 129I are acquired mostly by the decay of seawater-derived cosmogenic 

129I from marine sedimentary host rocks, with an average 129I/127I ratio of (1.1±0.4)×10-12 

(Schmidt et al., 1998). Therefore, naturally occurring iodine in groundwater comprises 

127I and much smaller amounts of geogenic 129I resulting in substantially lower, geogenic 

ratios of 129I/127I, which are distinguishable from the highly radiogenic ratios measured in 

surface water and forage sources (Preedy et al., 2009; Fehn, 2012).  

While much of Ontario’s groundwater contains iodide with 129I/127I ratios 

representative of the pre-nuclear era, a large previously published groundwater 

geochemical survey indicated that groundwater in parts of eastern Ontario covered in 

Contiguous Thick Marine Sediment (CTMS), and areas of southwestern Ontario 

encompassing the Devonian Shale extents, contain naturally elevated iodide 

concentrations (Hamilton et al., 2015; Hamilton, 2015). Coincidental, separate Canadian 

investigations and monitoring systems have also found that these two regions of Ontario 

contain large clusters of dairy herds producing high (>500 µg/L) BMI concentrations, 

which suggests that a relationship between the high groundwater iodide concentration 

and high BMI concentrations may exist (Keefe, 2013; DFO, 2015). 

The iodide enriched groundwater in these parts of Ontario is suspected to be the 

result of trapped saline water dating back to the late Wisconsin glacial retreat taking place 

over 10,000 years ago, and to the underlying geology, consisting of marine and 

organically-rich sediments (Fuge and Johnson, 1986; Fehn, 2012). Many past reports 

have distinguished the source of salinity in groundwater by assessing the ratio of chloride 

(Cl-) to bromide (Br-), which are both natural tracers found in solution (Richter and 

Kreitler, 1986; Alcala and Custodio, 2008; Fabryka-Martin et al., 1991; Li et al., 2016). 
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These ions act conservatively by nature and are not influenced by redox reactions, are not 

absorbed into organic or mineral surfaces and do not form insoluble precipitates 

(Fabryka-Martin et al., 1991; Nair et al., 2013). Unlike Br-, Cl- is a highly abundant 

constituent of seawater and the literature has suggested that seawater contains an average 

Cl-/Br- ratio of approximately 288 (Fabryka-Martin et al., 1991; Nair et al., 2013). In 

groundwater, a Cl-/Br- ratio similar to that of seawater (ratio of 288) indicates that the 

salinity is of seawater origin, whereas ratios above 288 suggest groundwater salinity is 

derived from alternative sources, like surface contamination by road salt (Fuge and 

Johnson, 1986; Kaushal et al., 2005). Therefore, the Cl-/Br- ratio serves as a particularly 

good indicator of seawater intrusion in groundwater and is commonly used	  to	  predict	  

the	  geochemical evolution of waters.  

The observed increases in BMI concentrations are thought to be the consequence 

of abnormally high groundwater iodide levels in the eastern and southwestern regions of 

the province. To our knowledge, there has been no research conducted to assess the 

concentration of iodine, 129I, and the isotopic ratio of 129I/127I in raw milk and 

groundwater in an effort to provide definitive evidence of source attribution of milk 

iodine. Therefore, the objectives of the current study were to first determine the isotopic 

composition of iodine in both the BMI produced and the water consumed by the lactating 

herd on dairy farms in two regions of Ontario, and then to compare the respective 

isotopic ratios to determine if groundwater is a major contributing source of iodine in raw 

bovine milk. This research will provide valuable insight into whether raw milk and water 

consumed by the milking herd carry a similar biogeochemical isotopic identity, and if so, 

these results may help to establish new on farm surveillance and monitoring programs to 
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ensure the contribution of environmental iodine to bulk tank milk (BTM) is limited on 

high risk farms.  

 

MATERIALS AND METHODS 

This study was completed in collaboration with the Ontario Geological Survey 

(OGS) and the University of Ottawa. Approval for this study was obtained through the 

Research Ethics Board (REB#14OC12) at the University of Guelph, Ontario, Canada. 

This study was completed as supplementary work of chapter 2 of this thesis; therefore the 

sample size was based upon the number of herds enrolled in the aforementioned 

companion study and restricted by funding availability. Participants provided written 

consent prior to sample collection, which authorized their enrolment in this study and the 

collection of groundwater, BTM and feed samples on their farm for isotopic analysis. 

 

Study Areas and Farm Enrolment 

This study focused on dairy farms located in two regions containing groundwater 

wells drilled into thick glaciomarine sediments and marine sedimentary rocks, which are 

prominent for yielding groundwater with high levels of iodide according to a large, 

previously published Ontario groundwater geochemical survey (Hamilton, 2015). The 

study sites of interest included: 1) eastern Ontario centered in the townships of Alfred-

Plantagenet and Clarence-Rockland; and 2) southwestern Ontario encompassing the 

counties of Elgin, Essex-Kent, Lambton, and Middlesex. The “study areas” of interest 

were defined by geographic information system software using previously published 

groundwater iodide concentrations (Hamilton, 2015) and drift thickness and geological 
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maps from the OGS (Armstrong and Dodge, 2007; Gao et al., 2006). This was used as the 

reference for herd enrolment. BMI levels on farms located within or close to the “study 

area” boundaries were assessed using historical records from the 2011 to 2016 Dairy 

Farmers of Ontario (DFO) milk load iodine testing program, and farms were categorized 

according to BMI test results. BMI levels below 350 µg/L were considered “normal”, 350 

µg/L to 500 µg/L were deemed “elevated” and concentrations greater than 500 µg/L were 

regarded as “high”. Primary enrolment was focused on eastern farms located in and 

surrounding the CTMS area, known to contain some of the highest levels of iodine in 

Ontario’s groundwater. Secondary enrolment was focused on southwestern Ontario dairy 

farms located in the Devonian Shale extents, also known to contain water with high 

levels of iodine. 

A total of 228 licensed dairy farms were contacted in both the eastern (n=150) and 

southwestern Ontario (n=78) study areas using contact information provided by the 

provincial milk marketing board (DFO). Of the 228 farms contacted, a total of 80 dairy 

farms from eastern (n=58) and southwestern (n=22) Ontario agreed to participate. DFO 

made initial contact with producers in the form of an introductory letter describing the 

intention of the project. A supplementary information package was later sent to producers 

and included: 1) a cover letter recapitulating the project intention and inviting producers 

to participate in the study; 2) a consent form providing sampling, procedure and OGS 

collaboration details; and 3) an information form which producers were asked to 

complete for contact purposes. A short survey was completed by participants by mail, 

online or during the farm visit that covered topics which included: iodine feed 



	  

	   91	  

supplementing, milking procedure, and characteristics of wells providing water to the 

lactating herd.  

 

Groundwater, BTM and Feed Sample Collection  

Samples of the raw groundwater, BTM, and the lactating herds ration were 

collected on farms between August 18th and September 30th, 2016 for isotopic and 

geochemical analysis. Untreated groundwater samples on eastern Ontario dairy farms 

were collected in collaboration with the OGS and University of Ottawa by connecting to 

the faucet a sampling manifold containing an inlet and outlet and two small ports; one 

port was for sampling and another was to supply a flow cell for continuous logging of 

field parameters (pH, electrical conductivity, etc.). This apparatus allowed for water 

purging and sample collection as explained in Rogerson et al. (2016). It was only 

available in eastern Ontario, thus in an effort to ensure comparable sample collection 

among regions, faucets in southwestern Ontario that provided untreated water were 

purged for a minimum of five minutes prior to sample collection to ensure any stagnant 

water remaining in the pipe was expelled, allowing for the collection of a fresh raw 

groundwater sample. Water samples were collected in one of two similar types of bottles 

depending on availability: either a 500 mL HDPE bottle or a clear 500 mL borosilicate 

Wheaton bottle with a butyl septum for isotopic analysis. Following collection the 

samples were labeled with the herd number, and transported in refrigerated containers 

free from sunlight and refrigerated until laboratory testing. 

 In compliance with regulations under the Ontario Milk Act a trained DFO Field 

Service Representative collected two fresh milk samples from the bulk tank(s) on each 
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participating farm. One milk sample was collected in a high-density polyethylene wide-

mouth 500 mL Precisionware TM bottle for 129I and 129I/127I ratio testing. A second milk 

sample was collected in a 40 mL plastic vial for additional total iodine content testing. 

Once collected, milk samples were labeled with a herd number code to ensure producer 

anonymity and transported in refrigerated containers, then stored frozen until testing 

commenced.  

A sample of the lactating herd ration was collected on each enrolled farm. To 

ensure a representative feed sample was collected, sub-samples were gathered along the 

length of the feed alley, thoroughly mixed, then refrigerated for transport and stored 

frozen. All feed samples (n=80) were tested for total iodine concentration, and based on 

these results and the groundwater and BMI concentrations measured on farm two feed 

samples were selected for additional 129I and 129I/127I ratio testing.  Only two samples 

were selected because it was expected that the isotopic profile of all feed samples would 

have comparatively high radiogenic 129I/127I ratios according to past reports (Ng et al., 

1977; Robens et al., 1988; Hauschild and Aumann, 1989; NRC, 2004). One feed sample 

from an eastern Ontario farm with high groundwater and BMI levels and one feed sample 

from southwestern Ontario with low groundwater and BMI content were selected for 

additional isotopic fingerprint testing.  

 

Analytical Methods 

Analysis of Total Iodine. The total iodine content in milk and feed samples was 

analyzed at the Agriculture and Food Laboratory at the University of Guelph, Ontario, 

Canada by the method of Tinggi et al. (2012), by means of inductively coupled plasma-
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mass spectrometry (ICP-MS) following an alkaline digestion by tetramethylammonium 

hydroxide (TMAH) in a microwave digestive system. This method yields high precision 

with a coefficient of variation (CV) of 7.7% with an estimated accuracy of 3.48±0.16 

mg/kg and a detection limit of 0.02 mg/kg.  

Iodide, Br- and Cl- concentrations in all groundwater samples were analyzed by 

Ion Chromatography (IC) at the Geoscience Laboratories, Mines and Minerals Division, 

Ministry of Northern Development and Mines, Sudbury, Ontario, Canada. The laboratory 

analyses were conducted using a Dionex ICS-3000 ion chromatograph instrument 

equipped with a dual pump, eluent generator, and detection compartment with a usable 

limit of 1000 µg/L at an operational pressure of 2200 to 2300 psi. The method used was 

similar to that extrapolated in Section 5 and 5.8 of the product manual (Dionex, 2008). 

However, laboratory-specific modifications used the following conditions: a 100 µL 

sample loop; an AERS-500 (4mm) suppressor; IonPac AS23 (4mm) analytical column 

and IonPac AG23 (4mm) guard column; a potassium hydroxide (10 mM from 0-45 

minute) eluent, with a 1.0 mL/min flow rate, and EGCII KOH with CR-ATC and 

continuous regeneration eluent source; cell and column temperatures of 35 °C and 30 °C. 

The detection limit of this method is 10 µg/L, with an upper detection limit of 5000 µg/L 

without dilutions. Excellent precision and reproducibility was observed with the method 

when tested against blind duplicates.   

Due to the reducing nature of the groundwater, an assumption was made that 

iodide was the only aqueous iodine species present and that the IC method was therefore 

measuring the total iodine concentration. This assumption was validated by analyzing the 

total iodine concentration in 21 samples, which containing mostly high iodide, using ICP-
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MS equipment at the University of Ottawa isotope laboratory. The slight but consistently 

higher concentrations assessed by IC, as compared with those by ICP-MS, are consistent 

with oxidation of a component of iodide to I2 and its loss due to evaporation in the 

several months between sample collection and analysis by ICP-MS. It also indicates that 

iodide was indeed the only significant aqueous species present in the original samples. 

Analysis of 129I and 129I/127I ratios. 129I was extracted from BTM, feed, and 

groundwater samples using the silver iodide precipitation method described in detail in 

Sheppard and Herod (2012) and Herod et al. (2013). To measure 129I, samples were 

acidified to remove organic matter, and then iodine was separated into hexane and back 

extracted to deionized water until a colourless organic phase was produced. Samples 

were then precipitated and dried as silver iodide (AgI) and combined with niobium 

powder to prepare AgI targets for analysis in Ontario, Canada at the University of 

Ottawa’s Andre E. Lalonde 3MV Accelerator Mass Spectrometry (AMS) facility. The 

AMS system background was monitored with a standard NaI blank for groundwater 

(129I/127I=1.07±0.04x10-14), feed (129I/127I=1.44±0.05x10-14), and BTM 

(129I/127I=0.98±0.07x10-14) sample analysis, and the measurements obtained from these 

analyses were normalized using the ISO-6II reference material (129I/127I=5.72±0.08x10-

12). 

 

Statistical Analysis  

Raw 127I, 129I, and 129I/127I ratio data for BTM and corresponding groundwater 

samples were entered into a spreadsheet using Microsoft Excel® version 14.4.9 

(Microsoft Corp., Redmond, WA). The raw 127I and 129I /127I ratio data were adjusted to 
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account for equipment detection limits and iodine carrier additions. Milk and 

groundwater samples containing iodine concentrations at levels of less than the detectable 

limit were recorded as a fraction of the lowest measurable limit (2.5 µg/L) in order to 

avoid zeros and account for samples containing extremely low concentrations. Quantified 

milk and groundwater 129I/127I ratios were corrected to the true ratios using the following 

two-step formula (Eq. 1 and Eq. 2), which diluted the ratios from the iodine carrier added 

during laboratory sample preparation: 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟏:  𝑻𝒐𝒕𝒂𝒍  𝑰𝒐𝒅𝒊𝒏𝒆   𝒎𝒈   𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏: 

!"#$   !"  !"#$% !"#$%&  !"#$!!  (!)
!"""

𝑥 !"#$   !"  !"#$%   !
!"#!"#!$#%&'%("#  (!!/!)
!"""

+ 𝑖𝑜𝑑𝑖𝑛𝑒  𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑚𝑔   𝑚𝑎𝑠𝑠  

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐:  𝑪𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅  𝟏𝟐𝟗𝐈/𝟏𝟐𝟕𝐈  𝑹𝒂𝒕𝒊𝒐  𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏   𝒙𝟏𝟎!𝟏𝟒 : 

[ 𝑚𝑖𝑙𝑘   𝑜𝑟  𝑤𝑎𝑡𝑒𝑟 𝑟𝑎𝑡𝑖𝑜  𝑥  𝑚𝑖𝑙𝑘   𝑜𝑟  𝑤𝑎𝑡𝑒𝑟 𝑡𝑜𝑡𝑎𝑙  𝑖𝑜𝑑𝑖𝑛𝑒 𝑚𝑔 − 𝑚𝑖𝑙𝑘   𝑜𝑟  𝑤𝑎𝑡𝑒𝑟 𝑏𝑙𝑎𝑛𝑘  𝑟𝑎𝑡𝑖𝑜 𝑥  𝑖𝑜𝑑𝑖𝑛𝑒  𝑐𝑎𝑟𝑟𝑖𝑒𝑟  𝑚𝑎𝑠𝑠  (𝑚𝑔)]  
𝑚𝑖𝑙𝑘   𝑜𝑟  𝑤𝑎𝑡𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒  𝑤𝑒𝑖𝑔ℎ𝑡  (𝑔)   ÷ 1000   𝑥  (𝑚𝑖𝑙𝑘   𝑜𝑟  𝑤𝑎𝑡𝑒𝑟   𝐼!"#𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  (µμ𝑔/𝐿) ÷ 1000)

 

 

The corrected 129I/127I ratio calculation yielded negative ratios in only two milk 

sample cases, because these particular samples contained 129I concentrations that were 

slightly less than the blank milk 129I concentration. This may be due to poor analytical 

precision close to the detectable limit. Once data were adjusted to resolve negative values 

created by the variation at the lower end of the detection limits of the methods, and for 

the iodide carrier added to the samples during the analysis, simple descriptive statistics 

were generated using Microsoft Excel® and Stata, version 14 (Statcorp., College Station, 

TX, USA) to evaluate frequencies, distributions, and basic trends in the isotopic data. The 

ratio of Cl-/Br - was also assessed and plotted against the iodide concentration in 
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groundwater samples to explain geochemical behaviour and to indicate the source of 

salinity in water containing high levels of iodide.  

 

Results  

The participating dairy farms had a milking herd size ranging from 30 to 600 

cows. The majority of the total farms sourced their milking herds dietary water supply 

from drilled wells (n=67) on-farm, which comprised mainly bedrock wells with only a 

small fraction of overburden wells. Over half of the herds located in southwestern 

Ontario sourced groundwater from drilled wells (n=18), 13 of which were less than 60 

meters deep, 4 were greater and one was undetermined. The remaining southwestern 

Ontario farms (n=4) obtained their groundwater from municipal sources. Similarly, the 

vast majority of dairy farms located in eastern Ontario sourced their groundwater from 

on-property drilled wells (n=49); 43 of these wells were recorded as less than 60 meters 

deep, 4 were greater than 60 meters and 2 were undetermined. Two farms used municipal 

water sourced from surface water and one farm sourced water directly from the Ottawa 

River. The remaining 6 farms in eastern Ontario acquired their water from dug 

overburden wells that were less than 15 meters deep.  

The average concentrations of total iodine, 129I, and the 129I/127I ratios measured in 

BTM and groundwater samples are shown in Table 3.1. The concentration of total iodine 

in BTM ranged considerably from 8 to 1,144 µg/L with an average concentration of 

284±220 µg/L. Eastern Ontario farms (n=58) averaged a BMI level of 303.9 µg/L with 

concentrations ranging from 8 to 1,144 µg/L. A lower mean BMI concentration of 232.9 

µg/L was observed in southwestern Ontario (n=22) with concentrations ranging from 74 
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to 558 µg/L. BMI concentrations were high, ranging from 548 to 1,144 µg/L, in 

approximately 13% (n=10) of the 80 herds sampled, and an additional 13% of farms 

produced BTM with elevated iodine concentrations ranging from 362 to 497 µg/L. The 

remaining 75% (n=60) of farms sampled produced raw milk with BMI concentration 

within normal limits ranging from 8 to 336 µg/L. Table 3.2 describes the relative 

distribution of BMI concentrations evaluated in raw milk samples according to region. 

Iodide concentrations in groundwater were also highly variable, ranging from <5 

µg/L to 2,100 µg/L. The total iodide concentration in groundwater was below the 

detectable limit of 5 µg/L in 20 (25%) samples, so these samples were assigned an 

aforementioned value of half the detectable limit and reported as 2.5 µg/L. The average 

iodide concentration in all 80 groundwater samples was 133±318 µg/L. On average, 

iodide concentrations in eastern Ontario groundwater were 175 µg/L, ranging from 6.1 

µg/L to 2,100 µg/L. A lower average iodide concentration of 23 µg/L was measured in 

southwestern Ontario water samples, with a much narrower distribution ranging from 6.3 

to 157 µg/L. Groundwater sourced from drilled wells contained higher total iodide 

concentrations than water supplied from municipal and dug well sources (Table 3.1).  

The ratio of Cl-/Br- was evaluated in groundwater samples in an effort to 

determine the origin of salinity in water, since many samples contained extremely high 

total iodide concentrations. Figure 3.2 shows the Cl-/Br- ratios in groundwater in relation 

to groundwater total iodide concentrations. Extremely variable ratios were observed at 

low groundwater iodide concentrations and these ratios tended to stabilize as the total 

iodide concentration in groundwater increased. Groundwater sourced from bedrock, 

overburden and municipal/surface systems with iodide concentrations below 150 µg/L 
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had highly variable Cl/Br ratios ranging from 20 to 3815. Samples with concentrations 

above 150 µg/L have Cl/Br ratios that were increasingly stable near the ratio of seawater 

(288) with a range of only 211 to 302. All but one of these samples (at 157 µg/L) 

occurred in eastern Ontario. 

The 129I/127I ratios measured in BTM samples were highly variability with ratios 

ranging from 5.46x10-12 to 2.87x10-9 and averaging 1.43x10-10. The 129I/127I ratios 

measured in eastern Ontario raw milk samples were more variable than those collected in 

southwestern Ontario. Eastern Ontario levels ranged from 5.46x10-12 to 2.87x10-9, while 

a tighter distribution was observed in southwestern Ontario with ratios ranging from 

6.29x10-11 to 1.46x10-9. On average, southwestern Ontario BTM samples had a 129I/127I 

ratio of 2.34x10-10 and eastern Ontario BTM averaged a ratio of 1.14x10-10. A noticeable 

downward trend was observed in the 129I/127I ratios measured in BTM samples (Figure 

3.3). BTM with a broader radiogenic profile was observed in herds consuming 

groundwater with a low total iodide concentration, and BTM 129I/127I ratios became more 

geogenic (contained a higher proportion of 127I) as the total iodide concentration in water 

increased.   

Similar to BTM, The 129I/127I ratios in groundwater showed a wide distribution 

with ratios that ranged from 8.0x10-14 to 1.23x10-8, and averaged 2.98x10-11 across both 

regions. A decreasing linear trend in groundwater 129I/127I ratios was observed as the 

groundwater source depth increased and as the total iodide concentration in water 

increased (Figure 3.3). A high degree of variability was observed in eastern Ontario 

groundwater 129I/127I ratios, which ranged from 8.0x10-14 to 1.23x10-8 and averaged 
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3.88x10-11. Southwestern Ontario water supplies had 129I/127I ratios were less variable and 

ranged from 6.30x10-13 to 2.87x10-9 with an average of 3.34x10-11.   

The iodine concentration in the lactating herd ration samples ranged substantially 

from less than 40 µg/kg to 2,447 µg/kg. Overall, fed ration samples contained an average 

iodine concentration of 720 µg/kg. Comparable iodine concentrations were assessed 

between the two study regions with average concentrations of 771 µg/kg and 699 µg/kg 

observed in southwestern and eastern Ontario lactating herd rations. The iodine 

concentration in the two total mixed ration (TMR) feed samples collected in eastern and 

southwestern Ontario were 933 µg/kg and 358 µg/kg. The two feed samples that were 

measured for iodine isotopes had highly radiogenic 129I/127I ratios; the southwestern 

Ontario TMR sample had ratio of 1.73x10-9 and the eastern Ontario ration had a slightly 

lower 129I/127I ratio of 7.69x10-10.  

The isotopic fingerprint found in both water and corresponding BTM samples 

followed similar trends. Figure 3.3 shows that iodine in groundwater consumed by cattle 

and corresponding BTM samples are correlated for samples above the 10 µg/L limit of 

quantitation (LOQ), as the downward linear trends suggest. Both groundwater and milk 

become increasingly geogenic, with lower 129I/127I ratios, as the total iodide concentration 

in water supplied to the herd increases. This trend is further evident in Figure 3.4, which 

additionally indicates that surface/municipal water and dug wells contained groundwater 

with the widest radiogenic profiles. Many of these latter samples have iodine in water 

that is below the LOQ and therefore were not shown on Figure 3.3. The BTM produced 

from milking cattle consuming these same waters also tended to be highly radiogenic. 

Groundwater from drilled wells tended to contain lower 129I/127I ratios and BTM 



	  

	   100	  

produced from cows supplied with this water had small and comparable 129I/127I ratios 

suggesting a more geogenic identity.  

Discussion 

The results of the current study suggest that the biochemical isotopic identity of 

groundwater supplied to, and consumed by, milking dairy cows can overprint on the 

existing isotopic iodine component in BTM and increase the concentration of BMI. This 

major finding is in line with the original hypothesis and strongly suggests that raw milk 

contains iodine derived from groundwater; and the higher the groundwater iodine 

concentration, the greater the component of groundwater-sourced iodine in the BTM. 

This indicates that BMI levels can be increased in lactating herds consuming groundwater 

containing high concentrations of iodide. 

The need for an adequate and continuous supply of iodine in the bovine diet to 

support thyroid synthesis and energy metabolism has been demonstrated (Underwood and 

Suttle, 1999; Fuquay et al., 2011). In ruminants, iodine is made available predominately 

through the dietary intake of feedstuffs concentrating iodine including forages, feed 

additives, or animal and plant byproducts; however, the consumption of water as a 

significant dietary iodine source has been regarded in the past as negligible (Miller, 2012; 

Flachowsky et al., 2014). Water consumption is a major driving force in milk production 

since milk is comprised of 86% water. To meet production requirements a dairy cow can 

consume 115 liters of water per day on average. With such vast amounts of water being 

consumed regularly it can only be expected that the isotopic concentration of 

groundwater may influence to the isotopic profile of raw milk. Both milk and 

groundwater contained wide distributions in iodine concentrations, which has also been 
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reported in previous studies (Bruhn et al., 1983; Castro et al., 2010; Voutchkova et al., 

2014). Of particular interest, in this study, the total iodine concentrations measured in 

both groundwater and corresponding BTM samples were highly correlated. 

The BTM total iodine concentrations observed in the current study are 

comparable to concentrations reported in previous North American studies, which 

suggested overall BMI averages of 256±234 µg/kg and 304±8.4 µg/kg (Bruhn et al., 

1983; Castro et al., 2010). However, there tend to be major differences among countries, 

with France reporting BMI concentrations of below 100 µg/L, while both Ireland and the 

USA report higher average concentrations of 227 µg/L and 466 µg/L, respectively 

(Ruegsegger et al., 1983; Lamand and Tressol, 1992; O’Brian et al., 1999). While the 

concentration of iodine in BTM is not formally regulated in North America, many other 

countries have adopted an acceptable maximum allowable limit of 500 µg/L for safe 

human consumption (Berg et al., 1998; Keefe et al., 2013). In the current study, over 80% 

(n=70) of herds sampled produced BMI concentrations below this threshold; however, 

13% (n=10) of farms had BTM that contained an iodine concentration that exceeded this 

acceptable maximum allowable limit. On farms with excessive BMI concentrations 

(>500 µg/L), the groundwater that cattle were consuming contained some of the highest 

total iodide concentrations observed in this study, and in all cases the water was sourced 

from bedrock wells on farms.   

The total iodide concentrations measured in water supplies in eastern and 

southwestern Ontario was highly variable and some samples had iodide at concentrations 

greater than recommended levels for safe mammalian consumption (WHO, 2003; 

ATSDR, 2004; Flachowsky et al., 2014). These extremely high groundwater iodide 
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concentrations were expected because the OGS has identified these parts of Ontario as 

regions at high risk for elevated iodide in groundwater (Hamilton, 2015). The 

concentration of iodide in groundwater and its influence on mammalian health has only 

recently come under scrutiny, which is why recommendations for maximum allowable 

levels of iodide in potable water do not yet exist. While some countries have 

implemented loose guidelines for normal or safe drinking limits, there is a lack of 

uniformity (British Geological Survey, 2000; Public Health Ontario, 2015; China 

Ministry of Health, 2003).  China currently uses a threshold of 150 µg/L, while the States 

of Rhode Island and Maine in the USA suggest that potable water should contain below 

340 µg/L of iodide (Public Health Ontario, 2015; China Ministry of Health, 2003). The 

OGS has reported that Ontario groundwater contains approximately 12 µg/L of iodide on 

average, and water containing 50 µg/L (80th percentile) or above 100 µg/L (87th 

percentile) is considered high, and extremely high, in iodide. The current study found that 

43% of farms (n=34) had groundwater iodide concentrations from surface, overburden 

and bedrock well sources that were below 12 µg/L ranging from <5 µg/L to 11.1 µg/L. Of 

the remainder, approximately 26% (n=21) of farms had water iodide levels above the 

provincial average but below the 80th percentile, ranging from 12 µg/L to 50 µg/L, 6% 

(n=5) of farm water samples were between the 80th and 87th percentile, and 24% (n=19) 

of farms had groundwater sourced from bedrock wells with iodide levels exceeding the 

87th percentile and ranging from 104 µg/L to 2,100 µg/L. Furthermore, almost half (n=9) 

of these farms with groundwater iodide concentrations over the 87th percentile produced 

the highest BMI concentrations observed. 
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An interesting trend was observed in the total iodide concentration in groundwater 

and corresponding milk samples according to well depth, where iodide concentrations 

rose substantially with increased well depth. On average, groundwater sourced from less 

than 60 meters deep contained a total iodide concentration of 134 µg/L, where 

groundwater from wells with depths of 60 meters or greater contained an average of 365 

µg/L, respectively. These water outcomes were comparable to the total iodine 

concentration in the corresponding milk samples from these farms, which averaged 298 

µg/L and 345 µg/L based on the aforementioned increase in well depth.  

The variation in total iodide concentration in water at different source depths may 

suggest that iodide has different origins. The ratio of Cl-/Br- in groundwater has been 

used extensively in previous studies to characterize the sources of salinity and iodide in 

groundwater (Alcala and Custodio, 2008; Fabryka-Martin et al., 1991; Li et al., 2016). 

Chloride and bromide in groundwater act conservatively by nature, thus the distribution 

of Cl-/Br- ratios are characteristic of the ratios in the source of these halides in 

groundwater. Seawater typically contains a standard Cl-/Br- ratio of approximately 288 

(Fabryka-Martin et al., 1991; Nair et al., 2013). Results from the current study indicate 

that as groundwater iodide concentrations increase, Cl-/Br- ratios begin to stabilize around 

a ratio of 288, corresponding with that of seawater. These extreme iodide concentrations 

with stabilized Cl-/Br- ratios of approximately 288 were observed in bedrock wells in 

eastern Ontario, which is consistent with another recent report (Lemieux et al., 2017). 

These results strongly suggest that some eastern Ontario farm wells are drawing water 

from sources that are enriched with iodide that likely originated from Pleistocene 

Champlain Sea water residing in pores within the clay (Lemieux et al., 2017). The 
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majority of groundwater samples from wells in southwestern Ontario and shallow (dug) 

wells in eastern Ontario had lower iodide content and Cl-/Br- ratios deviating from the 

ratio of Cl-/Br- in seawater, indicating alternative sources. It is likely that shallow water 

contains iodide from differing natural and anthropogenic sources, including the 

decomposition of soil or surface organic materials, or from surface contamination by wet 

and dry deposition, agricultural runoff, or road salt application (Fuge and Johnson, 1986; 

Kaushal et al., 2005). 

The differing sources of iodine are also apparent in the 129I/127I ratios of 

groundwater. 129I/127I ratios for drilled wells from southwestern Ontario are considerably 

more geogenic (6.64 x 10-12 vs. 2.33 x 10-11, respectively; Table 3.1) than in southeastern 

Ontario owing to the much older marine iodine source. The iodine in groundwater in 

southwestern Ontario is from marine sedimentary rocks that are approximately 300 

million years old (Hamilton et al., 2015), whereas the iodine in eastern Ontario is from 

marine clays that are only 10,000 years old (Lemieux et al. 2017). The 15-million year 

half-life of radiogenic 129I in seawater means that almost all will have decayed in 300 

million years and only a tiny fraction by 10,000 years. This difference is not reflected in 

the milk from the two sources presumably because of the much higher concentrations in 

the drilled-well groundwater in eastern Ontario imparts a larger component of geogenic 

iodine to the BMI in that area. 

The 129I/127I ratios measured in groundwater and corresponding milk samples 

were both highly correlated and followed a comparable and consistent decreasing 

radiogenic trend both as groundwater total iodide concentrations increased and as water 

source depth increased. Most waters sourced from surface sources, municipal services 
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and shallow dug wells were highly radiogenic, as expected, and the BTM produced from 

cattle consuming this water was generally very radiogenic. In comparison, water from 

drilled wells in bedrock tended to have a more geogenic 129I/127I ratio profile and the 

BTM from cattle consuming this water also demonstrated a similar geogenic isotopic 

identity. This decreasing radiogenic signature in groundwater as the environmental 

source depth increases has been demonstrated in many studies (Preedy et al., 2009; Fehn, 

2012; Fuge and Johnson, 2015; Herod et al., 2015). However, this is the first study to 

investigate and compare the radio-isotopic profiles of groundwater and BTM.  

There are 3 outliers where iodine in water is below the limit of quantitation and 

yet BMI has a geogenic character with 129I/127I ranging from 3.28 x 10-11 to 1.83 x 10-11 

(not shown on Figure 3.3). These may be cases where the source of BMI is influenced by 

dietary iodine supplementation, since supplements generally come from mined geogenic 

sources (Newbold, 2006). 

It has been documented that direct discharge of radiogenic 129I into marine 

systems or the atmosphere can contribute to increased ratios of 129I/127I in surface water in 

coastal environments (He et al., 2013). However, the presence of anthropogenic 129I in 

the surface environments identified in this study is more likely attributed to leaching 

processes of rainfall depositing radioactive atmospheric 129I onto the surface 

environment, and the binding of radioiodine to surface soil organic matter (Fuge and 

Johnson, 1986; Rao and Fehn, 1999). While these processes contribute to the likelihood 

of increased ratios of 129I/127I in surface water and shallow groundwater, they can also 

lead to increased transfer of radiogenic 129I through various feeds and forages (Rao and 

Fehn, 1999). As expected, the TMR feed samples contained high total concentrations of 
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iodine, relative to water, and the two samples from herds in southwestern and eastern 

Ontario selected for additional isotopic testing contained 129I/127I ratios at approximately 

one order of magnitude greater than the average BTM and groundwater 129I/127I ratios. 

This increased concentration in forage can be expected not only due to direct deposition 

of anthropogenic 129I onto plant foliage but also due to the accumulation of radiogenic 

129I in the upper soil layer and plant root zone; the optimal location for radioiodine to be 

absorbed by the roots of a plant (Rao and Fehn, 1999).  

Although the majority of radioiodine ingested by a milking cow from forage 

consumption will be deposited in her thyroid gland, a fraction will also be secreted into 

milk. Numerous investigations have been conducted to assess the transfer of 

radionuclides to cows milk via the forage-cow-milk-human pathway, and greater 

secretion of radioiodine species into milk has been observed when the supplementation of 

stable iodine was low (Bustad et al., 1963; Lengemann and Comar, 1964; Lengemann, 

1970). Handl and Pfau (1989) suggested that the amount of 129I in milk is directly 

influenced by diet and determined a 129I transfer factor of 2.4x10-3 day kg-1 of 129I from 

pasture grasses to cows milk, which is consistent within the literature (Ng et al., 1977; 

Robens et al., 1988; Hauschild and Aumann, 1989). Therefore, it is expected that the 

forage consumed had the strongest impact on the radiogenic 129I/127I ratio measured in 

milk produced from cattle consuming shallow groundwater; however, further research is 

necessary.   

Limitations 

 Farms in the current study were selected because they are located in regions of 

Ontario known to contain naturally high levels of iodide in groundwater, and because 
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producers that were contacted in these regions of interest elected to participate in the 

study. Due to this purposive selection, the BMI and groundwater iodine results from this 

study are very likely to be non-representative of the provincial and national dairy farm 

populations.  

 Only two fed ration samples were selected for iodine isotopic ratio testing because 

it was expected that the isotopic identity of these two TMR samples would be fairly 

representative of all feed samples collected. The literature suggests that plants and forage 

contain relatively high concentrations of anthropogenic 129I and collectively agree that 

129I in plants and forage is not of a geogenic origin (Ng et al., 1977; Robens et al., 1988; 

Hauschild and Aumann, 1989; NRC, 2004).	  The two samples chosen were from separate 

geologic locations, where one was sourced from eastern Ontario and the other from 

southwestern Ontario to remove bias related to samples being chosen from proximal 

farms. Furthermore, to ensure TMR samples were representative of a wide variety of 

farm characteristics, one sample was chosen from a farm containing high iodide 

concentrations in both groundwater and BTM and the second sample was sourced from a 

farm with normal BMI and groundwater iodide concentrations. As expected, the isotopic 

fingerprint in both considerably different TMR samples were very comparable and highly 

radiogenic, and therefore expected to be representative 129I/127I ratio results for the 

isotopic fingerprint in all feed samples collected.   

 

Conclusion 

The results from the current study strongly suggest that the isotopic fingerprint of 

BMI and groundwater consumed by the lactating herds contain comparable 
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biogeochemical isotopic identities, suggesting the increase in concentration of iodine in 

raw milk, above average levels, is of geologic origin in many cases. The current study 

outcomes provide evidence that BMI content is highly reflective of the iodide 

concentration in groundwater consumed by the cows producing the milk. The total iodine 

concentrations in BTM samples were highly correlated with the iodide concentrations in 

corresponding groundwater samples. The total concentration of iodine in BTM and 

groundwater increased as a function of increased well depth, where drilled bedrock wells 

in eastern Ontario tended to contain the greatest total iodide concentrations. According to 

Cl-/Br- ratios, these increased iodide concentrations observed in deeply sourced 

groundwater in eastern Ontario are likely due to Champlain Sea pore-water leaching into 

aquifers. Strong correlations were observed between the 129I/127I ratios in groundwater 

and corresponding BTM samples, providing further evidence that the isotopic fingerprint 

of iodine in groundwater is carried over to that of BMI. Overall, the isotopic 

fingerprinting of raw milk and corresponding groundwater consumed by the milking herd 

was a crucial tool used to identify specific signatures that could allow for accurate 

determination of milk iodine origin. The current results should serve as background for 

further research utilizing similar methodologies, since this is the first study to use these 

techniques to assess the isotopic fingerprint of raw milk and groundwater in a single 

study.  
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Figure 3.1 A conceptual model showing how pasture grasses, forages, freshwater and 
shallow groundwater consumed by cattle can become contaminated with anthropogenic 
129I (i.e. from nuclear fuel reprocessing plants) leading to increased levels of radioactive 
129I detectable in their milk. 
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Figure 3.2 The distribution of Cl-/Br- ratios in groundwater in relation to iodide content. 
The dashed line represents the approximate ratio of Cl-/Br- corresponding to seawater 
(~288) indicated in Fabryka-Martin et al. (1991).  
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 Figure 3.3 A scatter graph plotting the radiogenic profile of bulk tank milk 
(BTM), and water consumed by the lactating herds using the ratio of 129I/127I 
measured in samples in relation to the total water iodide concentration for samples 
with water above the limit of quantitation for iodide (10 µg/L). Clear downward 
trends are apparent in the radiogenic profile of water and corresponding BTM as 
the iodide concentration in groundwater increases. 

 
 
 
 
 
 
 
 
 

1	  

10	  

100	  

1000	  

10000	  

100000	  

1000000	  

10	   100	   1000	   10000	  

12
9 I
/1

27
I	  x
	  1
0-‐
14
	  in
	  W
at
er
	  a
nd
	  M
ilk

	  

Total	  Iodide	  Concentration	  in	  water	  supply	  (µg/L)	  

Water;	  drilled	  wells,	  
eastern	  Ont.	  
Water;	  drilled	  wells,	  SW	  
Ont.	  
Milk;	  drilled	  wells,	  
eastern	  Ont.	  
Milk;	  drilled	  well	  farms,	  
SW	  Ont.	  
Feed	  Samples	  

Io
di
ne
	  m
or
e	  
ra
di
og
en
ic
	  

Io
di
ne
	  m
or
e	  
ge
og
en
ic
	  



	  

	   113	  

 Figure 3.4 A graph describing the radiogenic profile of bulk tank milk (BTM), 
and water consumed by the lactating herds using the ratio of 129I/127I measured in 
samples; arranged according to bins of water supply with increasing 
concentrations of total iodide. 
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Table 3.1 Comparison of the average concentrations of total iodine concentrations and 
the ratio of 129I/127I in bulk tank milk and groundwater samples collected on dairy farms 
in eastern and southwestern Ontario.  
 

	  
	  
Location	  

	  
	  
Well	  
Type	  

	  
	  
n(%)	  

Average	  Milk	  
Concentrations	  

Average	  Groundwater	  
Concentration	  

Total 
Iodine 
(µg/L)	  

129I/I ratio 
(x10-14)	  

Total 
Iodine 
(µg/L)	  

129I/I ratio  
(x10-14)	  

 
 
Total  
Herds 
(n=80) 

 
Drilled  

 
67(83.8) 

 
302.6 

 
1.23x10-10 
 

 
164.1 

 
1.65x10-11 
 

Dug 6(7.5) 223.5 2.24x10-10 

 
6 1.29x10-9 

 
Municipal/
Surface 
 

7(8.8) 160.4 3.94x10-10 2.5 2.14x10-9 
 

Total 80(100) 284.3 1.43x10-10 133 3.71x10-11 
 

 
Eastern ON  
Herds 
(n=58) 

Drilled 
 

49(60) 327.7 1.00x10-10 214.2 2.33x10-11 

Dug 
 

6(7.5) 223.5 2.24x10-10 6 1.29x10-9 

Municipal/
Surface 
 

3(3.8) 73 7.34 x10-10 2.5 1.47x10-9 

Total 
 

58(72.5) 303.7 1.21x10-10 181.7 4.69x10-11 

 
Southwestern 
ON Herds 
(n=22) 

Drilled 18(22.5) 234.5 2.18x10-10 27.6 6.64x10-12 
Dug 
 

0 - - - - 

Municipal/
Surface 
 

4(5) 226 2.47x10-10 2.5 2.83x10-9 

Total 22(27.5) 233 2.23x10-10 23 2.00x10-11 
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Table	  3.2	  The	  distribution	  of	  the	  total	  iodine	  concentrations in bulk tank milk 
samples in relation to the study population (n=80) and by eastern and southwestern 
Ontario regions.  

 

	  

	  
	  

	  
 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 
 

Location 

 
 

Average 127I 
Concentration 

(µg/L) 

Farms with 
Normal Iodine in 

milk 
(<350 µg/L) 

Farms with 
Elevated Iodine 

in milk 
(350-500 µg/L) 

Farms with 
High Iodine in 

milk 
(>500 µg/L) 

n(%) Total 
Iodine 
Range 

n(%) Total 
Iodine 
Range 

n(%) Total 
Iodine 
Range 

Total herds 
(n=80) 

284 60(75) 8-336 10(12.5) 362-497 10(12.5) 548-1,144 

Eastern ON 
(n=58) herds 

304 42(72.4) 8-317 7(12.1) 375-497 9(15.5) 548-1,144 

Southwestern 
ON (n=22) 
herds 

233 18(81.8) 74-336 3(13.6) 362-471 1(4.5) 588 
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CHAPTER 4: Summary of research findings, limitations and concluding remarks  

A large body of research has focused on identifying risk factors associated with 

increased concentrations of iodine in bulk tank milk worldwide. These studies have 

indicated that bulk milk iodine (BMI) concentration is influenced by a variety of factors 

including the intake of feedstuffs containing variable amounts of iodine, mineral 

supplementation, and milking management through the use, teat application and removal 

strategies of anthropogenic compounds (Hemken et al., 1981; Fischer and Giroux, 1993; 

Castro et al., 2011; Castro et al., 2012; Flachowsky et al., 2014). However, although these 

factors are known to contribute to increased BMI concentrations, some farms continue to 

produce milk with elevated iodine concentrations following the implementation of 

corrective milking management and feeding strategies that are aimed at reducing the 

exposure of milk to iodine. This suggests that other risk factors exist that have not yet 

been identified or quantified, and that more research is necessary. While iodine intake is 

considered the most influential factor contributing to BMI concentration, surprisingly 

little research has been conducted to investigate groundwater as a significant source of 

iodine for lactating dairy cows, that may in turn contribute significantly to elevated iodine 

levels in bulk tank milk. Therefore, the current study was the first field-based study to our 

knowledge to investigate a potential relationship between BMI concentration and the 

iodide content of groundwater consumed by the lactating herd. 

The objectives of the research described in this thesis were to evaluate the iodine 

concentration in groundwater and raw milk from 80 commercial dairy herds in eastern 

and southwestern Ontario, and to identify if the consumption of groundwater by the 

milking herd, along with other risk factor, were associated with higher BMI levels. In our 
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study the majority of bulk tank milk tested did not exceed the generally recommended 

maximum iodine safety level of 500 µg/L, with only 10 (13%) dairy farms presenting 

BMI concentrations beyond this recommended maximum. 

A linear multivariable regression model was created to identify risk factor’s that 

significantly contribute to BMI, using data obtained from surveys and samples collected 

on each farm. This study found that BMI was significantly influenced by the iodide 

content in groundwater consumed by the lactating herd (P<0.0001). The BMI level 

increased in a significant and linear fashion when the concentration of iodide in raw 

groundwater consumed by the milking herd also increased. A comparable significant 

linear trend (P<0.0001) was also observed between the BMI level on farm and the iodine 

concentration in the milking herd ration, and this is consistent with what has been 

described in previous reports (Schöne et al., 2009; Moschini et al., 2010; Castro et al., 

2010; Norouzian, 2011). Milking management factors were also assessed and while the 

use of iodophor containing pre- or post-milking teat disinfectants were not significantly 

associated with BMI content, a significant association was observed between BMI and 

the overall coverage goal when an iodophor containing post-milking teat disinfectant was 

applied to teats (P<0.0001). Coverage of the full teat or less did not lead to significant 

increases in BMI content; however, coverage of the full teat and udder base significantly 

(P<0.0001) increased BMI levels by approximately 314±55.4 µg/L. This was not 

surprising since the iodine in iodophor containing teat disinfectants can be absorbed 

through the teat tissue between milkings (Conrad and Hemken, 1978). 

The second objective of the research described in this thesis was to determine the 

isotopic fingerprint of iodine in both bulk tank milk and groundwater consumed by the 
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lactating herd, and to compare their isotopic ratios (129I /127I) as a means of providing 

evidence to link the iodide in drinking water to the iodine in milk. Results from this 

innovative approach to trace the origin of iodine in bulk tank milk indicated that 

groundwater and corresponding bulk tank milk samples contain similar biogeochemical 

isotopic identities, suggesting that a significant amount of the iodine in bulk tank milk is 

of groundwater origin. A strong positive relationship was observed between the overall 

ratio between the concentration of 127I and 129I in milk and water samples. Further, a 

major positive linear trend was observed between the concentration of 127I in milk and 

groundwater in relation to increased well depth. Eastern Ontario drilled bedrock wells 

tended to contain the highest iodide concentrations, which is likely the result of trapped 

saline Champlain Sea pore-water leaching into sourced aquifers (Schut and Wilson, 1987; 

Rodrigues, 1988). The 129I/127I ratio in groundwater and bulk tank milk tended to 

decrease as well depth increased, although forage and pasture grass consumption is likely 

to contribute considerably to the 129I levels measured. In future research it would be 

advantageous to investigate additional associations between BMI and the diet of the 

lactating herds using similar isotopic fingerprinting techniques.  

The results presented in this thesis are subject to a number of limitations, which 

may have influenced the final outcomes. Firstly, this study did not meet its target sample 

size of obtaining 40 herds with high BMI concentrations and another 40 herds with low 

or slightly elevated BMI concentrations. Sample size was limited by the number of herds 

in each geographical location, the herd owner’s willingness to participate, and available 

funding. However, even with the smaller sample population enough power was obtained 

to detect significant associations among various risk factors investigated. 
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Another potential limitation was that only raw untreated groundwater samples 

were collected on farms rather than water directly consumed by the milking herds. A total 

of 32 (40%) farms either treated or filtered their groundwater for bacterial content and 

debris removal. However, previous reports indicate that the treatment and filtration 

devices that were used on these farms are not effective in removing iodide directly 

(Kumar et al., 1986; Deborde and von Gunten, 2008; Kim et al., 2008). Therefore, 

untreated and treated groundwater samples were expected to contain comparable iodide 

concentrations and it was decided that only raw groundwater samples were collected. 

This study encompassed only two regions of Ontario (eastern and southwestern), 

which were strategically chosen due to their naturally elevated and high iodide 

concentrations in groundwater. These regions also contained a large majority of farms 

with chronically elevated or high BMI concentrations, thus these two regions were 

deemed as ideal study locations. However, due to the characteristics of these selected 

study locations, which contain unique groundwater isotopic geochemistry, caution must 

be used in extrapolating the results more broadly. Therefore, it might be informative to 

conduct a broader provincial or national investigation to determine if similar relationships 

are observed.  

In summary, this field-based study found that groundwater is a significant 

contributing source of iodine to bulk tank milk in dairy herds that consume water with 

naturally elevated iodide concentrations. This significant contribution was observed both 

by statistical analysis of iodine concentration data for milk and water using a linear 

multivariable regression model and through isotopic fingerprinting technology. This was 

the first study of its kind to establish and compare specific isotopic signatures in 
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groundwater and milk using isotopic fingerprinting technology. Therefore, this study 

should serve as background for further research using similar methodologies. Overall, as 

a result of the current study results it would be advantageous to regularly monitor the 

concentration of iodide in groundwater consumed by the lactating herd on dairy farms 

experiencing elevated or high BMI concentrations.  
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