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ABSTRACT 

Iodine, a minor constituent in ground water, is valuable 

as an indicator of subsurface sources of salinity. A review 

of iodine geochemistry reveals that exceptions to 

conservative behavior include sorption onto iron and aluminum 

oxides and incorporation into marine organic matter with 

additional enrichment due to sorption. 

Data from the Milk River aquifer in Alberta, Canada 

indicate that iodide in the ground water is derived from 

residual waters in the fine grained, marine sediments within 

the sandstone formation. This localized enrichment of iodide 

is superimposed on a more general enrichment of halides 

downgradient from the recharge area, probably due to ion 

filtration. 
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CHAPTER 1 

INTRODUCTION 

Iodine is a minor constituent in ground water and is of 

two-fold value in the hydrologic world. In its stable form 

it can be a valuable parameter in the characterization of 

both fresh and saline waters. Since iodine is present in 

minor amounts in seawater, its concentration in ground water 

relative to that of chloride can provide an indication of 

degree of subsurface enrichment. However, since the effects 

of lithology on groundwater chemistry can be significant, its 

main utility arises due to its presence in certain subsurface 

matrix materials. 

The radionuclide 1Z9I, with a half-life of 16 million 

years, is potentially valuable as both a groundwater dating 

method and an environmental tracer. As such, it could 

enhance our understanding of brine chemistry, mixing of water 

sources, and various other long-term geologic processes. 

In order for iodine to be of value in either arena, its 

occurrence and movement in the hydrogeosphere must be 

understood. This study begins with an in-depth review of 

iodine geochemistry. Although commonly considered a 

conservative element, the behavior of iodine is significantly 

influenced by its biophilic nature. 

The Milk River aquifer in Alberta, Canada was chosen as 
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a field site in which to examine the implications of 

anomalously high iodide concentrations. This system has been 

studied extensively by Meyboom (1960), Schwartz and 

Muehlenbachs (1979), Schwartz et al. (1981), Swanick (1982), 

Domenico and Robbins (1985), Phillips et al.(1986), and 

Hendry and Schwartz (1988). The geochemistry and 

hydrodynamics of the Milk River aquifer are quite complex and 

still imperfectly understood. 

Groundwater samples were collected from the Milk River 

aquifer in the summer of 1985 and analyzed to determine 

iodide, chloride, and bromide concentrations. These data 

were supplemented by data from Swanick and Bentley, collected 

in 1980. 

The distribution of halides in the Milk River aquifer 

is evaluated and suggestions are made regarding the source 

and mechanisms determining these patterns. Results are 

contrasted with other geochemical studies reported in the 

literature. 

1.1 HISTORY OF IODINE 

Iodine was discovered in approximately 1811 by Bernard 

Courtois, a Frenchman, while producing potassium nitrate from 

nitre beds for Napoleon's army. The first practical 

application of iodine was in the field of medicine. In 1819, 

a physician in Geneva, Switzerland discovered that tincture 

of iodine could be used effectively as a remedy for goiter. 

Then in 1828, tincture of iodine was introduced as a 
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treatment for wounds. It was probably first used in the 

treatment of battle wounds during the American Civil War. 

Iodine also became quite valuable in the mid to late 

1800's as a laboratory reagent for both research and 

analytical chemistry. The term "iodometry" was applied to 

any of the numerous analytical methods involving the use of 

iodine. 

Early commercial applications of iodine were in the 

field of photography. At first, the sensitive material was 

a silver plate exposed to iodine vapor. This was later 

replaced by a glass plate coated with a layer of silver 

iodide. 

Seaweed ashes provided the first commercial source of 

iodine. Then, in 184 0, iodine was discovered in the Chilean 

nitrate deposits. Iodine was first exported in 1868, and now 

the Chilean deposits are an important source of iodine in the 

world, although seaweed ashes continue to be a significant 

source locally. 

The United States first produced iodine from Pacific 

Coast seaweed during World War I. In 1926, a significant 

quantity of iodine was discovered in brine from an oil well 

in Louisiana. This production was supplemented by, and 

eventually replaced by, brine production in California. 

Today, most of the iodine produced in the United States comes 

from brine wells in Michigan (Kirk-Othmer, 1966). 
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CHAPTER 2 

GEOCHEMISTRY OF IODINE 

2.1 ELECTROCHEMISTRY OF IODINE 

Iodine, with an atomic weight of 126.92, is the heaviest 

of the common halogens. In its inorganic form, iodine can 

theoretically exist in several valency states, the principal 

ones being -1, 0, and +5. Figure 1 is a stability diagram 

representing the thermodynamically possible oxidation states 

for iodine. However, these predicted states are not always 

observed in nature. For example, since oxygen is a 

relatively poor oxidant, iodide can be quite stable in 

oxygenated waters. Furthermore, oxidation of iodide to 

iodate is a kinetically sluggish reaction that commonly 

requires a catalyst (Fabryka-Martin, 1984) . Consequently, 

although iodate may be the thermodynamically stable species, 

it may be kinetically unlikely. Iodine can also occur in 

organic compounds because of its biophilic nature. 

The form of iodine that is dominant in a particular 

environment determines the type of processes that act to 

remove it from that environment, in addition to the rate and 

extent to which removal takes place. 
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Figure 1. Stability Fields for Iodine as a Function of Eh 
and pH at 25°C, 1 atm., total I = 10"7M, 
modified from Lloyd et al. (1982). 



2.2 IODINE IN THE OCEAN 

15 

The ocean is the major source of atmospheric iodine with 

measured values ranging from 39 to 67 ug/1. Concentrations 

increase with depth, from an average of 50 ug/1 for surface 

waters to 60 ug/1 for deeper waters. 

Iodate (I03") in the ocean is thermodynamically stable 

according to the reaction, 

I03" + 3H20 + 6e~ = I" + 60H-

with a standard redox potential of + 0.26 V. At a pH of 8.1 

and a pE of 12.5 (Price and Calvert, 1977), 

I03" / I" = 1013-3 

which implies that at equilibrium, most of the iodine occurs 

as iodate. 

However, a significant iodide (I") content is present in 

sea water. The concentration of iodide is greatest in 

surface waters, with an average value of 9.3 ug/1. Depth 

profiles for iodide are variable, and tend to be inversely 

correlated with iodate, suggesting that the iodide in sea 

water is formed in situ from iodate and vice versa (Tsunogai, 

1971). The iodide concentration decreases with increasing 

depth. In tropical and subtropical waters, iodide 

concentrations are high, but they are limited to near-surface 

waters. In contrast, iodide concentrations are much lower 

in temperate zone waters, but their influence extends to 

greater depths (800 to 1000 m), perhaps due to a more active 

circulation system in the upper ocean (Elderfield and 
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Truesdale, 1980). 

Iodide enrichment occurs in the bottom-most layers of 

the deep ocean, with concentrations in the bottom 30 m as 

high as 5.3 ug/1. The mechanisms producing this enrichment 

are the reduction of iodate to iodide, both in and near the 

bottom and from unevenly distributed sources in the deep 

water (Tsunogai, 1971), and the diffusion of iodide from the 

interstitial waters of bottom sediments undergoing diagenesis 

(Elderfield and Truesdale, 1980). An additional source of 

iodide for the bottom waters, although relatively 

insignificant, is the incorporation of iodide into organic 

matter at the surface, with subsequent dissolution in the 

deep water (Tsunogai, 1971). 

Much of the variation in concentration of iodine species 

in the ocean is due to the biophilic nature of iodine. The 

relationship between specific total iodine (corrected for 

variations in salinity) and specific phosphate is essentially 

linear. This suggests a direct coupling of iodine and 

nutrients during biological assimilation/regeneration. The 

iodine-carbon assimilation ratio (I/C) is approximately 

lxlO"4. This ratio is in agreement with the chemical 

composition of plankton which has an I/C ratio equal to 

1.4(+0.8)xlO"4. Furthermore, the shape of the depth profile 

for total iodine concentration is similar to that of 

phosphate and dissimilar to that of silicate, indicating that 

iodine is associated with organic tissue rather than with 
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skeletal material (Elderfield and Truesdale, 1980). 

Iodine is enriched in marine suspended matter with 

maximum concentrations occurring in the euphotic zone. The 

average concentration of particulate iodine in surface waters 

is about 270 ppm, with the greatest concentrations occurring 

in the higher altitudes where biological activity is highest. 

This correlates well with the range of 100 to 3 00 ppm iodine 

in marine organisms. Particulate iodine is produced within 

the surface layer and rapidly recycled, with dissolution 

occurring mainly in the surface waters. An approximate 3% 

of this particulate iodine eventually reaches the deep water. 

The estimated residence time of particulate iodine in the 

surface water is 0.1 year (Wong, Brewer and Spencer, 1976). 

Plankton and algae require iodine in the form of the 

iodide ion. Iodate can be reduced to iodide in the ocean by 

organisms which utilize the enzyme nitrate reductase to 

simultaneously reduce iodate and nitrate (Tsunogai and Sase, 

19 69). This mechanism results in the constant supply of 

iodide in surface waters. Based on experimental evidence, 

Price and Calvert (1969) stated that during the course of 

uptake by algae, iodide is first oxidized to elemental iodine 

in a reaction requiring free oxygen. Subsequent hydrolysis 

yields hypoiodous acid (HOI) which can penetrate the cell 

wall and then be reduced back to iodide. The need for free 

oxygen in the initial step of the uptake process implies that 

anoxic conditions inhibit such a reaction. 
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A small fraction of the total iodine concentration in 

the ocean exists as dissolved, organically bound iodine. 

This organic fraction seems to be greater in inshore waters 

than in offshore waters (Truesdale, 1975), perhaps due to the 

increased biological activity in inshore waters. 

The annual iodine flux from ocean to atmosphere is 

approximately 2xl012 grams (Kocher, 1981) and is primarily 

controlled by sea surface temperatures. Bubble-bursting in 

the surface microlayer is probably the dominant transfer 

mechanism with two distinct models existing to describe 

iodine enrichment in marine aerosols. In one, iodine 

concentrated in surface layer organic films is preferentially 

enriched on the aerosol particle prior to ejection. In the 

other, iodine leaves the sea surface in the vapor phase and 

is subsequently sorbed onto atmospheric aerosols with 

enrichment inversely proportional to the radius of the 

particles (Martens and Harriss, 1970). The source of gaseous 

iodine is the photochemical oxidation of iodide to volatile 

free iodine (I2) by ultraviolet light according to the 

reaction, 

21" + 0.502 + H20 + hv = I2 + 20H" 

(Miyake and Tsunogai, 1963). 

2.3 IODINE IN THE ATMOSPHERE 

i  

2.3.1 Air 

Iodine is enriched in the atmosphere relative to the 
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other halogens due to the selective nature of the sea/air 

transfer process. The atmospheric iodine-chlorine ratio 

(I/Cl) is two to three orders of magnitude greater than the 

value for sea water. This ratio increases with increasing 

altitude and distance from the sea, presumably due to a loss 

of chlorine which is associated with a larger size range of 

aerosol particles than iodine (Winchester and Duce, 1967). 

Absolute concentrations of iodine in the atmosphere vary 

widely, from <1 to 50 ng/m3, primarily as a function of time 

and location. Concentrations are highest over the ocean and 

tend to decrease rapidly with increasing distance from the 

sea. Removal by wet or dry deposition is responsible for 

this decrease, and the convective mixing of air masses over 

land rapidly transforms the vertical concentration profile 

into a fairly uniform vertical distribution. Concentrations 

over the open ocean decrease logarithmically with altitude, 

reflecting an upward flux of aerosol particles in addition 

to the wet and dry removal processes (Junge, 1963) . Temporal 

variations are due largely to changes in wind speed and 

direction, and to removal of atmospheric iodine during storm 

events (Fuge, 1974) . 

Iodine exists in the atmosphere as aerosol particles and 

as inorganic gases (HI, I2) and organic gases (CH3I and other 

alkyl iodides), with the gaseous form comprising up to 90% 

of total atmospheric iodine. The organically bound iodine 

gases predominate, averaging 70% of total gaseous iodine. 
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The percentage of organic iodine gases decreases with 

increasing solar radiation, suggesting that photochemical 

reactions may play a significant role in the atmospheric 

organic/inorganic equilibria (Rahn, Borys, and Duce, 1976). 

Concentrations of total iodine gas vary, with average values 

of 5 and 30 ng/m3 for land and marine atmospheres, 

respectively. 

The residence time varies with the chemical form of 

atmospheric iodine. Particulate iodine has a residence time 

of about eight days, which is slightly longer than the 

residence times for the other halogens. This is probably due 

to the average diameter for particulate iodine (0.6 um) which 

is smaller than the average diameter for either bromine (0.9 

um) or chlorine (0.6 to 5 um) (Rahn, Borys, and Duce, 1976). 

Inorganic iodine gases have a residence time of approximately 

ten days, and the residence time for organic gases is close 

to eighteen days. 

Gases and particulate material emitted to the atmosphere 

by volcanic activity are a major source of anomalously 

enriched iodine in remote aerosols (Kotra et al, 1983). In 

a study of the quiescent plume of El Chichon volcano, Mexico, 

iodine was found to be enriched relative to bulk pyroclastic 

material by a factor of 103 to 10*. Iodine and other enriched 

volatile elements were found to be associated primarily with 

fine particles and therefore can be expected to have 

relatively long residence times. Fine ash ejected into the 
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stratosphere by the eruption also showed enrichment of iodine 

relative to ground ash although the degree of enrichment was 

significantly less than measured in the plume samples (Kotra 

et al, 1983) . 

Another source of atmospheric iodine is decaying organic 

matter (Fuge, 1974), although the contribution from this 

source to total atmospheric iodine is negligible. 

2.3.2 Precipitation 

The physical and chemical processes responsible for the 

removal of iodine from the atmosphere can be classified as 

either dry or wet deposition. Dry deposition involves 

sedimentation of aerosol particles and adsorption and direct 

uptake of gases by plants and soil. Although potentially 

important on a local scale, dry deposition is relatively 

insignificant on a global scale. 

Removal of aerosols by wet deposition is a two-fold 

process. The rainout process occurs within the clouds and 

involves condensation of water onto aerosols, typically 0.2um 

or larger. The washout process occurs below the clouds and 

involves the collection of aerosols larger than 1 um by 

falling raindrops (Junge, 1963). Since the average diameter 

for particulate iodine is larger than 0.2 um but smaller than 

l um, rainout is a highly efficient mechanism for removal of 

particulate iodine. Rainout and washout of gases occurs when 

the gas phase dissolves in the cloud water. This is not a 

very effective removal mechanism due to the low solubility 
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of several of the iodine gases (Coleman and Postma, 1970). 

However, gaseous iodine can sorb onto aerosol particles and 

be removed by wet or dry deposition. 

The iodine content of rain water ranges from 0.2 to 15 

ug/1, decreasing with altitude, distance from the ocean, and 

time during a given storm event (Duce et al., 1963). A 

significant portion of the iodine in rain water occurs in 

organic form. Dean (1963) found the proportion of 

organically bound iodine in New Zealand rain to be 

approximately 40%. 

2.4 IODINE AT THE EARTH'S SURFACE 

2.4.1 Soil 

Soils show enrichment of iodine with respect to their 

parent rock. Actual concentrations vary widely, from <1 to 

50 ppm, and are a function of both differences in inputs of 

iodine to the soils and the differences in the ability of 

soils to retain iodine. Sources of iodine in the soil are 

accessions from the atmosphere, weathering of parent 

material, decomposition of plant and animal residues, and 

certain fertilizers and herbicides (Whitehead, 1973). 

Atmospheric inputs are thought to predominate (Fuge, 1974). 

Under normal conditions, sorption by organic matter is 

the predominant mechanism responsible for the enrichment of 

iodine (Raja and Babcock, 1961; Tikhomirov et al., 1981). 

This process occurs over a wide range of pH and apparently 
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tends to increase as decomposition proceeds. Humic acids, 

particularly those with low molecular weight (<6300) , account 

for most of the iodine adsorption capacity of soils. 

According to Tikhomirov et al. (1981) , iodine enters the soil 

in water soluble, mobile compounds. With time, a portion of 

the iodine becomes firmly bound in humic compounds in the 

solid phase of the soil. The portion of the iodine that 

remains in a mobile form in the soil asymptotically 

approaches some constant quantity. This transformation 

decreases the biological availability of iodine to plants. 

Whitehead (1973) found a marked reduction in sorption of 

iodine with increasing depth in a soil column, presumably due 

to the decreasing organic content at depth. 

Iron and aluminum oxides play an appreciable role in the 

sorption of iodine under acid conditions (Whitehead, 1974b). 

Iron oxides often occur in a very finely divided state, as 

coatings on clay particles or other sedimentary minerals. 

Thus, even trace amounts of iron oxides can provide 

sufficient surface area to significantly alter the sorptive 

properties of a soil. The sorptive potential of aluminum 

oxides is less than that of iron oxides, due to its 

substantial solubility at low pH's. 

Various authors have also experimented with the 

possibility of sorption of iodine by clay minerals such as 

kaolinite, montmorillinite, and bentonite. Results indicate 

negligible uptake and therefore anion exchange is ruled out 
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as a significant mechanism in iodine fixation (Raja and 

Babcock, 1961). 

The role of speciation is important in the relative 

sorption behaviors of iodine, although research to date has 

proved inconclusive in determining which oxidation state 

shows the greatest tendency towards sorption. Couture and 

Seitz (1984) found that I03" was almost entirely sorbed by 

Fe203 in near-neutral waters (>99.9%) whereas only 30% of the 

initial I" concentration was sorbed by Fe203? I<V was even 

more strongly sorbed than I03~. Sorption of both I03~ and I04" 

is much stronger in acid solutions than in alkaline 

solutions. At pH greater than 9, Fe203 loses the ability to 

bind I03" and the sorptive process is reversed. This is due 

to the reversal of surface charge at higher pH and the 

resulting repulsion of negatively charged ions. The 

linearity of the I03"/Fe203 isotherm over a wide range of 

concentrations suggests a simple adsorption of I03" at a 

single type of surface site. I03" and I04" are probably 

sorbed on hematite by the formation of Fe-0I02 and FE-0I03 

bonds (Couture and Seitz, 1984). Iodide can be rapidly 

oxidized by air in acid solutions. Therefore, the apparent 

sorption of I" by iron oxides may actually be due to sorption 

of oxidized species under the appropriate conditions (Couture 

and Seitz, 1984) . 

In comparison, Whitehead (1974a) conducted a series of 

experiments to determine the solubility of I03", I", and I2 
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in the presence of soil and various other components such as, 

compost, Fe203, and A1203. This author found that the 

reduction in solubility was particularly pronounced for I" 

and I2, and that the soil + Fe203 treatment yielded even lower 

solubilities than the soil + compost treatment did. I03~ was 

consistently more soluble with all treatments except the soil 

plus compost treatment, and showed a less rapid decline in 

solubility with time. The similarity in solubility for I" 

and I2 suggests that these two species may be retained in the 

same way, with one form being converted to the other prior 

to sorption. The marked reduction in solubility of I03" in 

the presence of compost may be due to a change in the redox 

potential resulting from anoxic conditions (Whitehead, 

1974a). 

Tikhominov et al. (1981) investigated the migration rate 

of iodine in the soil. Based on laboratory experiments, they 

found that initially iodine migrates fairly rapidly, 

penetrating to a depth of 10 to 20 cm in 10 to 15 days. The 

migration rate decreases with time, presumably due to the 

conversion of iodine to immobile forms. Under natural 

conditions, the gravity flow of water is the predominant 

transport mechanism for iodine in the soil. Transport rates 

vary from 10"8 to 10"7 cm/sec, depending on soil moisture 

content. 

The relationship between iodine absorbed from the 

atmosphere and decomposing plant material, and iodine 
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released to surface and ground waters ultimately attains a 

steady state. However, this equilibrium requires that the 

soil reach saturation with respect to iodine, a process that 

could take 104 to 105 years (Goldshmidt, 1954). Therefore, 

a steady state assumption may not be valid for geologically 

young soils or glaciated areas. An equilibrium distribution 

also exists between the different iodine compounds in the 

soil. steady state is achieved mainly as a result of a 

decrease in the share of water soluble forms and an increase 

in the iodine compounds bound to the solid phase of the soil. 

2.4.2 Rivers and Estuaries 

The iodine content of river water ranges from 0.1 to 40 

ug/1. This concentration range is similar to that 

encountered in rain water, suggesting that any modification 

of iodine content during surface drainage is minor. 

Exceptions occur on a local scale where rivers drain iodine-

rich sediments. Fuge (1974) reported that sewage outfall 

into rivers resulted in an increase in their iodine content. 

This author suggested that waters containing plant debris 

may, therefore, be expected to have elevated iodine contents. 

The iodide ion seems to be the thermodynamically stable 

chemical species in river water (Fuge, 1974). 

Neal and Truesdale (1976) experimented with the sorption 

of I" and I03" by river sediments under two different sediment 

loads. They found insignificant sorption of 40 ug/1 iodine 

at sediment loads typical for most rivers (<0.1 ug/1). The 
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determining factor appears to be the sediment / water ratio. 

With higher sediment loads, for example, in turbid waters, 

sorption of dissolved I" or I03" onto the sediment could be 

appreciable. 

Neal and Truesdale (1976) also varied ionic strengths 

in their experiments. They found that sorption of I" or I03" 

onto peat was for the most part, unaffected by the ions 

present in sea water. The absence of such an inhibiting 

effect led the authors to suggest the possibility of sorptive 

processes affecting the distribution of iodine in an 

estuarine environment where peat or peat-like organic matter 

existed. The alternate suspension and settling of organic 

sediment as a result of tidal processes could transport 

iodine species from the saline portion of an estuary to the 

freshwater portion. The dominant chemical species in an 

estuary is the iodate ion, presumably due to the mixing with 

ocean water and the well oxygenated nature of the estuarine 

environment. 

2.4.3 Lakes 

The iodine content of lake water is a function of 

salinity, with saline waters having three to five times as 

much iodine as fresh waters. In a study of Japanese lakes, 

Sugawara et al. (1958) found that iodide ions are selectively 

captured by suspended floccula of iron, aluminum, and 

manganese hydroxides in the upper layers of a lake. These 

floccula then sink to the anaerobic layers where reduction 
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is accompanied by changes in the colloidal nature of the co-

precipitants. Iodide is liberated and concentrated in the 

bottom waters. This process is incomplete, and consequently, 

a significant portion of the sinking floccula reach the 

bottom of the lake still retaining their bound iodide. These 

floccula accumulate to form muds in which further reductive 

changes continue to liberate iodide and concentrate it in the 

interstitial waters. 

2.5 IODINE IN THE SUBSURFACE 

2.5.1 Rocks and Minerals 

The relatively large ionic radius of iodine (2.20 A) 

inhibits its replacement of chloride (1.72 A) , hydroxy1 (1.32 

A), or fluoride (1.25 A) in minerals (Fuge, 1974). 

Consequently, the iodine content of rock-forming minerals is 

relatively consistent, with typical values falling in the 

range of 0.1 to 0.7 ppm. In igneous rocks, the variation in 

iodine content with differing silica content is minimal. 

Typical values for iodine content range from 0.1 to 0.3 ppm, 

with the exception of carbonatite, an extrusive calcareous 

rock which has anomalously high iodine concentrations, up to 

2 ppm. A correlation appears between the distribution of 

iodine and the other halogens. 

Fuge et al. (1978) found that most of the iodine in 

granitic rocks is in a water-soluble form, occurring at 

crystal boundaries and in fluid inclusions. These authors 
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suggested that the water-soluble iodine may show varying 

degrees of extractability such that iodine occurring in fluid 

inclusions may be more readily leached than iodine occurring 

at crystal boundaries. 

Sedimentary rocks have a greater and more variable 

iodine content than igneous rocks. Fresh-water deposits are 

low in iodine, with typical values as follows: sandstones, 

0.1 to 6 ppm; limestones, 0.4 to 3 0 ppm; and shales, 2 to 15 

ppm (Fabryka-Martin, 1984). Significantly higher iodine 

contents are found in sedimentary deposits of marine origin. 

Becker et al. (1972) reported maximum values as follows: 

argillaceous sandstone and calcareous shale, 38 ppm; chalk, 

29 ppm? and cherty limestone, 23 ppm. Initial reports 

suggested that iodine in marine sediments was accumulated 

primarily in fossil remains as relic organic matter. 

However, because the organic matter has mostly exchanged for 

inorganic matter in the fossil remains, enrichment of iodine 

is most likely caused by the secondary accumulation of iodine 

in the cavities and porous structures associated with the 

fossil remains (Goldschmidt, 1954) . 

2.5.2 Evaporitic Deposits and Mineral Salts 

Marine evaporites show a surprisingly low iodine 

content, given the proportions of iodine to other anions in 

sea water. The observed range is from 0.005 to 0.2 ppm, with 

the lower values more common (Goldschmidt, 1954). 

Terrestrial evaporites, however, may have exceedingly 
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high iodine contents. The most notable case is the iodate-

rich Chilean nitrate deposits, which contain 200 to 1700 ppm 

iodine. Atmospheric iodine is believed to have accumulated 

as brines in relatively closed desert basins. A high 

oxidation potential in the absence of biological activity 

results in the concentration of nitrate and its associated 

iodate. 

Marine phosphate sediments show a surprisingly high 

iodine content, with concentrations varying from 1 to 1000 

ppm. This enrichment may be due to several independent 

factors. In the case of guano-phosphates, the enrichment of 

iodine in the marine food web causes a concentration of 

iodine in the droppings of sea birds. This excrement is then 

incorporated into the sediments. Metasomatic phosphates, 

which are primarily inorganic in origin, show a tendency to 

acquire iodine from circulating waters (Goldschmidt, 1954). 

2.5.3 Marine Sediments 

The iodine content of actively accreting marine 

sediments is highly variable, with levels ranging from 2 ppm 

in coarse-grained sands to approximately 2000 ppm in the 

surface layer of organic-rich, oxidizing sediments. 

Enrichment is associated with the organic fraction and varies 

as a function of redox conditions. 

In a study on the South West African continental shelf, 

Price and Calvert (1977) found iodine concentrations of 

approximately 250 ppm in the organic-rich, reducing sediments 
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of the inner shelf. Since iodine uptake is inhibited under 

anoxic conditions, these concentrations correspond only to 

uptake by living plankton within the euphotic zone. In the 

oxidizing sediments of the outer shelf, organic carbon is 

relatively low compared with values found in the inner shelf 

sediments. However, the presence of free oxygen allows for 

additional sorption of iodine by planktonic seston at the 

sediment surface. Approximately 50 to 80 percent of the 

total iodine in these sediments is sorbed by seston and 

concentrations range from 750 to 2000 ppm. 

Iodine in buried sediments is lost due to diagenetic 

alteration of organic matter. Diagenesis in oxidizing 

sediments is considerably greater than in reducing sediments. 

Price and Calvert (1977) found little variation in the I/C 

ratio with depth in the reducing sediments of the inner 

shelf. However, the I/C ratio in the oxidizing sediments of 

the outer shelf decreased dramatically with depth, 

approaching values similar to those found in the surface 

reducing sediments of the inner shelf. 

The diagenetic loss of iodine is reflected in the high 

concentrations encountered in sediment pore waters. 

Dissolved iodine concentrations tend to increase with depth, 

suggesting that iodine in pore waters diffuses upward toward 

the sediment surface after release. Ullman and Aller (1982) 

conducted a study on the dissolved iodine flux and rates of 

remineralization in Mud Bay, South Carolina and in Long 
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Island Sound, Connecticut. These authors found iodine flux 

from the sediments on the order of 5 to 41 umol/m2/day. 

Furthermore, about 90 percent of the dissolved iodine flux 

came from the top 10 cm of sediment. 

Ullman and Aller (1979) calculated theoretical flux for 

dissolved iodine from both pore water gradients and 

subsurface production rate estimates. The actual measured 

flux was somewhat less, suggesting that a portion of 

dissolved iodine is lost to the solid phase under the 

oxidizing conditions that exist near the sediment-water 

interface. 

In a later study, these authors determined that iodine 

diffusing to the sediment surface is subsequently scavenged 

by metal oxides and hydroxides at or near the sediment-water 

interface. Since I03" is sorbed preferentially to I" by iron 

particles, the reaction of iodine with the solid phase 

requires the oxidation of I" to I03" prior to sorption. The 

bacterially-rich, sediment-water interface is likely to 

provide the necessary microbial oxidizing agent (Ullman and 

Aller, 1984). 

2.5.4 Transfer Mechanisms Between Lithosphere and Hydrosphere 

Iodine incorporated in the lithosphere is transferred 

back to the hydrosphere through several pathways. In very 

shallow marine sediments, dissolved iodine in pore fluids 

diffuses to the sediment surface where a portion of it is 

incorporated into the overlying water. In deeply buried 
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marine sediments, the gravitational compaction due to 

overburden forces iodine-rich pore waters out of muds and 

clays and into more transmissive sediments. Continual 

decomposition of organic matter with subsequent release of 

iodine to pore fluids, gradually depletes the solid phase of 

its iodine content. This process is dependent upon redox 

conditions. 

Diagenesis of marine muds to shales reduces the porosity 

of the sediment from about 40 percent to less than 10 

percent. This change in porosity causes a reduction of 

iodine in the solid phase from approximately 50 ppm to 8 ppm. 

Diagenetic alteration may be responsible for as much as 85 

percent of the transfer of iodine in marine formations to the 

hydrosphere (Fabryka-Martin, 1984). 

Iodine is also released to the hydrosphere by the 

flushing action of ground water flowing through sediment. 

Lastly, uplifted and exposed sediments release iodine via 

surface weathering mechanisms. 

2.6 IODINE IN SUBSURFACE WATERS 

The iodine content in ground water is highly variable, 

ranging from 10"3 to 103 mg/1. The highest concentrations of 

iodine in natural waters occur in brines, both oil-field 

brines and brines associated with algae-rich sedimentary 

rocks. Concentrations in brines typically range from 1 to 

14 00 mg/1. Iodine content in thermal waters range from 0.2 



34 

to 1.2 mg/1. Groundwater used for drinking water supplies 

commonly has less than 0.07 mg/1 of iodine. The iodide ion 

is the stable species in groundwater environments. 

The iodine content in recharge water is originally 

determined by rainfall concentrations. Subsequent 

modifications include surface evaporation and concentration, 

attenuation in the soil, and leaching of sediments and rocks 

that are rich in iodine. In a survey of New Zealand drinking 

waters, Dean (1963) found that the highest levels of iodine 

were in waters associated with organic-rich peat (15 ug/1) 

and mudstone (6 to 9 ug/1). Concentrations in waters 

associated with schist, greywacke, and alluvial deposits were 

essentially unaltered (1 to 3 ug/1). 

Once below the soil zone, iodine is not attenuated by 

the solid phase, due to the limited anion-exchange capacity 

of most formations and the absence of metal complexing 

agents. However, down-gradient increases in iodine can be 

significant as a result of the exchange of iodine between the 

solid matrix and the groundwaters. 

Iodide-chloride ratios (I/Cl) are used to compare ground 

waters with modern seawater. Enrichment of iodine with 

respect to chlorine is indicative of either lithologic 

effects or long groundwater residence. Lloyd et al. (1982) 

used I/Cl ratios to distinguish between modern saline 

intrusion (I/Cl ratio between 10"6 and 10*5) and older saline 

water (I/Cl ratio less than 10"5) in three chalk aquifers in 
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England. These authors also interpreted enrichment of iodine 

in alluvial deposits in the Lima Basin, Peru, as indicative 

of leaching of hydrothermal deposits in adjacent 

granodiorites. 

Iodine enrichment in oil-field brines can be attributed 

to concentration by flora and fauna in an ancient shallow 

marine environment. Rapid sedimentation allows for 

preservation of the iodine-rich organisms and compaction and 

diagenesis causes additional concentration of iodine in these 

brines (Collins, 1969). Means and Hubbard (1985) found that 

iodide concentrations in oil-field brines correlate directly 

with concentrations of short-chain aliphatic acid anions, 

implying that they owe their origin to the same marine 

sedimentary organic matter source. 

2.7 GLOBAL GEOCHEMICAL MODEL FOR IODINE 

A geochemical model describes in simple terms, the 

distribution and movement of an element throughout the 

various environmental compartments. In order to maintain 

simplicity, such a model is time invariant. Each compartment 

in the model is assumed to be well-mixed so that inputs are 

instantaneously and uniformly distributed within each 

compartment. The simplest models operate on the premise that 

flux is controlled solely by conditions in the donor 

compartment. The value of such a model is that in the 

absence of extensive data, it provides initial estimates as 
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to how an element might behave in the environment. 

Kocher (1981) developed a linear compartment model to 

describe the behavior of iodine on a global scale. His model 

included nine compartments comprising the hydrosphere, 

lithosphere, and biosphere. More recently, Fabryka-Martin 

(1984) modified this model, adding compartments for igneous 

rocks and for sediments removed from active exchange with the 

ocean but in contact with ground water. Figure 2 shows the 

model as modified by Fabryka-Martin (1984). 

Kocher (1981) calculated the mean residence time for 

iodine in any given compartment based on the inventory of 

iodine in that compartment and the flux into and out of that 

same compartment. Mean residence times for each compartment, 

as calculated by Kocher (1981) and modified by Fabryka-Martin 

(1984) , are presented in Table 1. Where the data is 

available, comparisons are made with residence times for 

water. In the soil compartment, the long residence time for 

iodine relative to water is due to unsaturated conditions and 

the presence of organic matter and clay particles which act 

to fix soluble iodine to the solid matrix. In ground water 

the difference in residence times is reduced, although still 

significant. This is presumably due to the absence of clay 

particles and organic matter in ground water environments. 
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Figure 2. Estimated Global Inventories and Fluxes for 
Iodine (inventories in grams, fluxes in 
grams/year), from Fabryka-Martin (1984). 
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Table 1. Calculated Mean Residence Times for Iodine 
in Environmental Compartments 
(from Fabryka-Martin, 1984) 

Compartment Residence Time 
for Iodine (yrs) 

Residence 
for Water 

Time 
(yrs) 

Ocean Atmos. 4.2 X 10"2 
2.7 X 10"2 

Land Atmos. 4.8 X 10~2 

Ocean Mixed Layer 1.9 X 101 

Surface Soil 3.8 X H
 

o
 

2 . 0 X 10"1 

Terrestial 
Biosphere 1.9 X 101 

Deep Ocean 1.1 X 103 4.0 X 103 

Recent Ocean 
Sediments 4.2 X 106 

Shallow 
Ground Water 9.7 X 102 2.0 X 102 

Deep Ground Water 3.8 X 10* 1.0 X 10* 

Sediments 2.0 X 108 

Igneous Rocks 1.0 X 1010 
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CHAPTER 3: ANALYTICAL METHODS 

3.1 Measurement of Iodide in Water 

Iodide was analyzed using a colorimetric method which 

is based on the catalytic effect of the iodide ion on the 

ceric-arsenous oxidation-reduction reaction in an acid 

solution. The extent of reduction of the eerie ion, at a 

given temperature and for a given reaction time, is directly 

proportional to the iodide concentration and can be measured 

photometrically. The sensitivity of this reaction is 

significantly increased by the presence of chloride. Hence, 

iodine-free NaCl was added to both standards and samples to 

bring them up to the chloride concentration which represents 

maximum sensitivity. The calibration range used in this 

analysis was 10 to 3 0 ug/1 and samples were diluted until 

they were within this range. All samples were run with a 

spike to check for interference. 

Standards used in all of the analytical analyses were 

prepared gravimetrically by dissolving oven-dried salts 

weighed on the Mettler model AE160 analytical balance. 

Working standards were prepared daily by serial dilution from 

primary standards. 

3.2 Measurement of Chloride in Water 

Chloride analysis was done using a mercurimetric 

titration. Dilute mercuric nitrate is added to an acidified 
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sample in the presence of mixed diphenylcarbazone-bromophenol 

blue indicator. Formation of the blue-violet mercury 

diphenylcarbazone complex signifies the end-point of the 

titration. Chloride standards of 50, 100, and 500 mg/1 were 

used and samples were diluted until they fell into the 

appropriate range. All samples were run in duplicate. 

3.3 Measurement of Bromide in Water 

Bromide analysis was done using the high performance 

liquid chromatographer (HPLC). Samples with low bromide 

concentrations and significant interference could not be 

analyzed using this method. A Hitachi model 100-40 variable-

wavelength detector was used, with an Altex Ultrasil-AX, 25 

cm anion-exchange column. Wavelength was set at 195 nm and 

a 0.1 molar KH2P0A buffer was used. Initial runs were done 

using a 20% buffer mobile phase. This was decreased to 18% 

to eliminate interference from a small peak that eluted just 

prior to bromide, probably chloride. The calibration range 

used in this analysis was 1 to 10 mg/1 and samples were 

diluted in order to fall within this range. All samples were 

run in duplicate. 
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CHAPTER 4: IODINE IN THE MILK RIVER AQUIFER: A CASE STUDY 

4.1 Site Description and Geology 

The Milk River aquifer underlies an area of 

approximately 63 00 square kilometers in the plains region of 

southeastern Alberta (Figure 3). The aquifer is part of a 

thick sequence of Cretaceous rocks, consisting of interbedded 

sandstones and shales. 

The Milk River Formation varies in thickness from 90 to 

14 0 meters, and is divided into two members. The Milk River 

Sandstone, which contains the aquifer, is the basal member. 

It consists of a complex sequence of massive sandstone 

interbedded with grey shale and sandy shale, with minor 

bentonite. Meyboom (1960) concluded that the Milk River 

Sandstone represents the seaward margin of a littoral 

environment. The NW-SE trending sand lenses owe their origin 

to currents moving parallel to the ancient shoreline. 

The thickness of the Milk River Sandstone varies from 

less than 15 meters to 75 meters. The sand sequences are 

thickest in the southeast portion of the aquifer and thin 

considerably to the north and east. The sandstone pinches 

out in the most northern portion of the study area as a 

result of a facies change to sandy shale. The Alderson 

Member of the Lea Park Formation is the stratigraphic 

equivalent in the north to the Milk River Sandstone. 
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Figure 3. Location of the Study Area, 

from Hendry and Schwartz (1988). 
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Overlying the Milk River Sandstone is the Upper Milk River 

Member, which consists of irregular beds of sandstones and 

carbonaceous shales and siltstones, with occasional beds of 

lignite (Hendry et al., 1988). 

Structurally, the Milk River Sandstone exhibits a fan

like configuration, plunging away from the outcrop areas near 

the Montana-Alberta border (Figure 4) . This structural 

feature is a result of the diverging axes of the Kevin 

Sunburst Dome in northern Montana and the Bow Island Arch in 

southern Alberta, as well as the Sweet Grass Hills intrusion 

in Montana (Meyboom, 1960). 

The Colorado Formation, which is predominantly a 

bentonitic shale varying in thickness from 500 to 650 meters, 

immediately underlies the Milk River Formation. There are 

several sandstone beds within this formation, the most 

notable being the Bow Island Sandstone. These sands are 

approximately 22 meters thick and are separated from the Milk 

River Formation by about 350 meters of shale. 

The marine shales of the Pakowki Formation overly the 

Milk River Formation. This unit is predominantly a 

bentonitic shale with thin layers of bentonite and ironstone. 

The Pakowki Formation is approximately 120 meters thick in 

the northeast portion of the study area and thins toward the 

west. 

Overlying the Pakowki Formation are a thick sequence of 

Cretaceous sandstone and shale. Pleistocene till of varying 

thickness covers most of the area. 
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4.2 Hydrology 

The Milk River aquifer can be described as an idealized 

artesian system, consisting of a dipping aquifer confined 

from above and below and with principal recharge derived from 

the upland areas where the aquifer crops out (Schwartz and 

Muehlenbachs, 1979). Recharge to the aquifer occurs 

primarily in the Sweet Grass Hills in northern Montana at 

elevations between 1070 and 1370 meters. The sandstone is 

also exposed along portions of the Milk River in Alberta at 

approximately 1045 meters above sea level (Figure 5). This 

exposure is a result of Wisconsin glaciation, but apparently 

acts as a limited recharge area (Meyboom, 1960). 

Ground water flow is generally to the north, east, and 

west, following the dip of the aquifer. The original 

piezometric surface has been altered by groundwater 

extraction since the early 1900's and the gradient is 

steepened in the north and reversed in the east and west 

(Hendry, et al.# 1988). Figure 6 shows the piezometric 

surface of the Milk River aquifer in 1958 (Meyboom, 1960). 

Current head distributions in the Milk River aquifer and 

in the underlying and overlying formations indicate that 

discharge in the aquifer is by both upward and downward 

leakage into adjacent units. Figure 7 shows the geologic and 

hydraulic head relationships among the different units. In 

the late 1950's Meyboom estimated transmissivities for the 

aquifer in the range of 0.05 to 1.00 m2/sec. Highest values 
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occur in the southeastern portion of the area where the 

aquifer is the thickest, and decrease to the north, east, 

and west as the aquifer thins and the hydraulic conductivity 

decreases (Figure 8). There is a NW-SE trending tongue of 

high transmissivity values that coincides with a similarly 

trending zone of thick sand deposits (Figure 9). 

Ground water flow in the underlying Bow Island Sandstone 

is in the same general direction as flow in the Milk River 

Sandstone, from south to north. 

4.3 Sampling procedure 

Sixteen samples were collected from wells in the Milk 

River aquifer in August, 1985 for determination of iodide, 

chloride, and bromide concentrations. Locations of the 

sampling sites are shown in Figure 10. Samples were 

collected in brown glass bottles and stored under 

refrigeration. 

The data from this study are shown in Table A-l in the 

Appendix. Sample 4 was discarded because of the possibility 

of cross-contamination due to a leaky casing. Table A-2 

presents iodide and chloride data for samples collected and 

analyzed in 1980 by Swanick and Bentley. 

4.4 Geochemistry 

The distribution of major cations and anions in the Milk 

River aquifer is highly variable (Figure 11). The 

concentrations of sodium, calcium, and bicarbonate increase 
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Figure 11. Areal Concentration Distribution of Major 
Cations and Anions in the Milk River Aquifer, 
from Schwartz and Muehlenbachs (1979). 

53 



54 

dramatically downgradient, whereas sulfate concentrations 

decrease markedly in the same direction. Both calcium and 

magnesium concentrations decrease towards the central portion 

of the aquifer, then increase towards the distal end. 

Cation exchange of calcium and magnesium for sodium has 

a pronounced effect on the geochemical evolution of the 

ground water. The exchange of calcium leads to calcite 

undersaturation and subsequent dissolution along the flow 

path. This in turn increases the bicarbonate concentration 

downgradient. The decrease in sulfate concentration along 

the flow path is due to sulfate reduction, as evidenced by 

emission of H2S gas from deep wells in the Milk River 

aquifer. The downgradient increase in chloride concentration 

is difficult to explain, however/ because chloride in 

solution is chemically inert (Phillips et al., 1986). 

Data from this study indicate that the distribution of 

iodide concentrations in the Milk River aquifer (Figure 12) 

is fairly similar to that of chloride (Figure 13) . Both 

anions increase in concentration in the direction of flow, 

to the north, east and west. Both anions also show a 

northwest trending protrusion of dilute water which closely 

coincides with the similarly trending zone of high 

transmissivity. Concentration gradients are very steep in 

the northern portion of the aquifer where the facies change 

to shale occurs. 

The limited bromide data indicate a similar trend for 
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this halide. Concentrations are lowest near the recharge 

area and increase downgradient. The highest bromide 

concentration is in the northern portion of the aquifer where 

the Milk River Sandstone pinches out. 

4.5 Previous Studies 

The Milk River aquifer has been studied extensively. 

Early work was done by Meyboom (1960) , who conducted a 

detailed investigation into the geology and hydrogeology of 

the aquifer, in addition to offering a preliminary 

interpretation of the ground water chemistry. Since that 

time, various authors have studied the distribution of major 

ions, stable isotopes and radioisotopes in the groundwater, 

in an attempt to understand the processes responsible for the 

chemical patterns (Figure 14). 

The dominant chemical patterns of concern in the aquifer 

are the downgradient increase in chloride concentration, 

coupled with enrichment in oxygen-18 (iaO) and deuterium (2H) . 

4.5.1 Megascopic Dispersion 

Schwartz and Muehlenbachs (1979) chose to explain the 

observed chemical patterns in terms of megascopic dispersion 

in which the Milk River aquifer is a highly conductive 

element in a complex regional system. As a result of large-

scale, formational heterogeneities, these authors envisioned 

ground water entering the aquifer from the underlying 

Colorado Formation, mixing advectively with formation water, 



A) MEGASCOPIC DISPERSION 

B) MIXING WITH LIMITED RECHARGE 

Pakowki Fm 
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C) ION FILTRATION 

D) AQUITARD DIFFUSION 

Figure 14. Conceptual Models to Explain the Geochemical 
Patterns in the Milk River Aquifer, 
from Hendry and Schwartz (1988). 
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and continuing its upward migration into the overlying 

Pakowki Formation. These authors explained the deviation in 

the 180 and 2H relationship from a simple, two-component 

mixing line as the result of oxygen exchange between water 

and carbonate rocks. 

Schwartz and Muehlenbachs (1979) recognized that current 

head distributions suggest a downward gradient from the Milk 

River aquifer into the underlying formations. These authors 

speculated that current flow conditions may be a relatively 

new phenomenon and not responsible for the observed chemical 

distributions. Because this area experienced active 

glaciation during the period from 100,000 to 12,000 years 

before the present, and because the glaciers advanced only 

as far south as the northern two thirds of the study area, 

the ice front may have significantly altered the ground water 

flow system in southern Alberta. According to these authors, 

glacial ice covering the discharge end of the flow system 

could induce upward, cross-formational flow (Schwartz et al., 

1981). 

4.5.2 Mixing Model with Limited Recharge 

Domenico and Robbins (1985) used a displacement-mixing 

model to explain the chemical and isotopic distribution 

observed in the Milk River aquifer. Their model consists of 

a limited recharge area such that fresh meteoric water enters 

only a fraction of the total inflow area. The surrounding 

ground water is higher in salinity and isotopically enriched. 
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By varying the parameters that influence the mixing plume, 

these authors determined that a combination of high 

longitudinal dispersivity and low transverse dispersivity 

creates an extensive protrusion of a dilute mixing zone. 

4.5.3 Ion Filtration 

Phillips et al. (1986) hypothesized that ion filtration 

is the predominant mechanism responsible for the observed 

chemical patterns in the Milk River aquifer. Ion filtration 

can increase both the ionic concentration of a solution and 

its isotopic weight. Because the Milk River aquifer is a 

confined system in which discharge occurs entirely through 

cross-formational flow, it is a likely candidate for the ion 

filtration hypothesis. Furthermore, Hitchon and Friedman 

(1969) speculated that ion filtration is an important 

mechanism affecting the geochemistry of formation waters in 

the Alberta Basin. 

Phillips et al. used 36C1 data to substantiate their 

theory of ion filtration. These authors used the observed 

distribution of 36C1 to calculate the age of ground water in 

the Milk River aquifer. If the system were assumed to 

involve the mixing of meteoric water with connate water, the 

portion of the aquifer from the Milk River north to the town 

of Foremost showed negative calculated ages. Some areas 

showed ages as negative as 900,000 years. However, if ion 

filtration were taken to be the dominant mechanism operating 

in the system, then a reasonable age distribution was 
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calculated with water in the distal end of the aquifer 

approximately two million years old. Furthermore, this 

water-age pattern seems to correlate well with the structural 

and hydraulic controls affecting flow in the system. 

4.5.4 Aquitard Diffusion 

Hendry and Schwartz (1988) suggested that diffusion 

between the saline, isotopically enriched water in the 

Colorado shale and the fresh, isotopically depleted water in 

the Milk River aquifer may be responsible for the geochemical 

patterns observed in the aquifer. These authors determined 

hydraulic conductivity in the Colorado shale based on field 

and laboratory tests. Values ranged from 10"9 to 10"11 m/s. 

They assumed that vertical hydraulic conductivity in the 

Pakowki shale would be similar to that of the Colorado shale, 

because of similarities in lithology. 

These authors also obtained piezometric data for both 

the Colorado shale and the Milk River aquifer from a series 

of piezometers and wells at a site just north of the Milk 

River. These data, together with hydraulic head estimates 

for the Bow Island Sandstone, indicate a downward gradient 

from the Milk River aquifer to the Colorado shale and an 

upward gradient from the Bow Island Sandstone into the shale. 

Hendry and Schwartz believed that erosion during the Pliocene 

and Pleistocene may have removed sufficient overburden to 

cause a volume change in the shales of the Colorado 

Formation. If this were true, then the Colorado shale may 
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have been acting as a fluid sink for water from both 

permeable units for several million years. 

These authors used a soil water extract method to obtain 

the chloride concentrations in drill cuttings from two sites 

in the study area. At both sites, the chloride 

concentrations in the shales of the Colorado and the Pakowki 

Formations were greater than those observed in the Milk River 

aquifer. 

Hendry and Schwartz used the data for hydraulic 

conductivity, hydraulic head gradient, and chloride 

concentrations to support their theory on aquitard diffusion. 

They viewed the low hydraulic conductivity values in the 

shales as indicative of diffusion dominating advection in 

these units. While the head gradient suggests water flowing 

out of the Milk River aquifer, Hendry and Schwartz 

interpreted the depth profile for chloride concentrations as 

implying a solute gradient into the aquifer. These authors 

used a one-dimensional mass transport model to substantiate 

their theory, assuming advective and dispersive transport in 

the aquifer and diffusive transport in the aquitard. 

4.6 Discussion 

The iodide concentrations in the ground water from the 

Milk River aquifer are exceedingly high. At many of the 

sampling points downgradient from the recharge area, 

concentrations are as much as several orders of magnitude 

greater than would be expected for relatively fresh ground 
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water. Bromide concentrations are similarly high. 

The I/Cl ratios in the Milk River aquifer range from 

4.2xl0"3 to 1.3xl0~2 (Tables A-3 and A-4, Figure 15). These 

values are three to four orders of magnitude greater than the 

I/Cl ratio for seawater, which is 2.63xl0"6. The I/Br ratios 

in the Milk River aquifer range from 0.41 to 0.56 (Table 

A-3) . The ratio in seawater is 7.69xl0"4, approximately three 

orders of magnitude less. 

The halide ratios in rain water are 1.5 to 5.7xl0"3 for 

I/Cl and 0.15 to 0.20 for I/Br (Duce et al., 1963). The 

ratios in the Milk River aquifer are approximately two to 

three times these values, but essentially in the same order 

of magnitude. However, the halide concentrations increase 

dramatically along the flow path. It appears that fresh, 

meteoric water is entering the Milk River aquifer in the 

recharge area and some mechanism is then acting to enrich the 

halides downgradient. 

It is interesting to note that the I/Cl ratios in the 

Milk River aquifer are similar to the ratios found in the 

highly concentrated brines of the Anadarko Basin in Oklahoma. 

The ratios in these brines range from 1.19xl0"3 to 4.12xl0~2. 

These brines contain the highest concentrations of iodide 

ever observed (Collins, 1969). The I/Br ratios in the Milk 

River aquifer correspond similarly to the I/Br ratios for the 

Anadarko brines, which range from 0.2 to 3.0 (Collins, 1969). 

The striking similarity between the halide ratios for 
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water from the Milk River aquifer and the Anadarko Basin 

brines suggests a possible correlation. The ground water in 

the Milk River aquifer is essentially brackish, due to its 

concentration of total dissolved solids which range from 1000 

to 5000 mg/1. Brines have total dissolved solids of more 

than 100,000 mg/1. The petroleum associated brines that are 

found in ancient marine rocks are thought by some researchers 

to be derived from entrapped ancient sea water. When the 

chemical signature is different than would be expected from 

a normal evaporite associated brine, some additional process 

or processes are required to alter the composition during 

diagenesis. Collins (1969) attributed the enrichment of 

iodine in the Anadarko brines to one or more of the following 

mechanisms: ion filtration, anion exchange, desorption, 

leaching, or solubilization of iodine, iodate, or iodide 

compounds. Clearly it is possible for a similar mechanism 

or set of mechanisms to be concentrating iodide in the Milk 

River aquifer. 

Figure 16 depicts the relationship between iodide and 

bromide in the Milk River aquifer. The correlation 

coefficient is 0.9649, which suggests that the same process 

is affecting both halides. Both iodide and bromide exhibit 

strong correlations with organic matter. 

Figure 17 shows the relationship between iodide and 

chloride in the Milk River aquifer. The correlation 

coefficient is 0.9400. Bromide and chloride are similarly 
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Figure 16. Relationship Between Iodide and Bromide in the 
Milk River Aquifer. 
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Figure 17. Relationship Between Iodide and Chloride in the 
Milk River Aquifer. 
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related, with a correlation coefficient of 0.9583. It seems 

that whatever mechanism is concentrating iodide is also 

enriching both chloride and bromide. However, in those areas 

of the aquifer where the I/Cl ratios are elevated, it is 

likely that a second mechanism is responsible for enriching 

iodide relative to chloride. 

The Milk River Sandstone contains a significant amount 

of shale within the formation. This shale was deposited in 

a shallow marine environment, and consequently contained 

significant amounts of organic matter. Marine organic matter 

is known to be highly enriched in iodide. Some seaweeds 

contain as much as 8,000 ppm iodide whereas corals can have 

up to 69,000 ppm of iodide (Collins, 1969). Bromide is also 

enriched in marine organic matter, with red and brown algae 

showing concentrations as much as 33 00 ppm (Means and 

Hubbard,1985). Although the volume of water that has moved 

through the Milk River aquifer is likely sufficient enough 

to have flushed most connate water from the system, and 

probably has leached most soluble species from the more 

permeable matrix, residual waters may still be present in the 

finer grained lenses and these waters could contribute iodide 

to the water that is actively flowing through the adjacent 

sandstone. These residual waters may contribute their iodide 

by a simple flushing mechanism. The higher solute 

concentration in the shale could also cause diffusion of 

iodide due to a concentration gradient. In addition, the 
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slow compaction of the shale, particularly due to glacial 

loading, could squeeze the more saline water from the finer 

grained material. 

The pattern of I/Cl ratios in the Milk River aquifer 

does not mimic the transmissivity distribution in the same 

way as the halide concentrations do. Ratios are lowest near 

the recharge area and increase downgradient towards the 

central portion of the aquifer. Ratios then decrease towards 

the distal portion of the aquifer and along the margins. 

There are two areas within the aquifer where I/Cl ratios are 

significantly high. The location of these elevated I/Cl 

ratios does not follow a well defined pattern and in fact 

appears somewhat arbitrary. These elevated ratios may be due 

to cross-contamination or poor sampling procedures, 

particularly in the area around Foremost. Nonetheless, there 

is a general increase in I/Cl ratios in the southern half of 

the study area. The lack of correlation between this pattern 

and the transmissivity distribution suggests that the 

distribution of these ratios is not controlled directly by 

hydrodynamics and could in fact be due to iodide originating 

from somewhat randomly located shale beds within the aquifer. 

The gradient extending out from the two areas of highest 

I/Cl ratios seems extensive in Figure 15, but may in fact be 

an artifact of the contouring processes. This is more likely 

the case in the area around Foremost where there is a paucity 

of data points. if this is the case, the distribution of 
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I/Cl ratios could be far more uniform overall than is shown 

in Figure 15, with areas of elevated I/Cl ratios showing a 

more local effect. 

The above hypothesis does not address the question of 

what is happening to enrich the halides in general. It seems 

unlikely that a system with such complex geochemical and 

isotopic patterns could be the result of a simple mixing of 

fresh meteoric water with more saline formation water. 

However, this does not preclude the possibility of mixing 

being a significant process operating in the recharge area 

of the aquifer. Downgradient, the complex geochemistry 

suggests that other processes predominate. The fact that all 

natural discharge from the Milk River aquifer takes place 

through cross-formational flow should weigh heavily in favor 

of ion filtration. The distribution of I/Cl ratios in the 

Milk River aquifer appears to support this hypothesis, 

particularly along the margins of the aquifer. 

The process of ion filtration affects the halides 

differently. According to Berry (1969), the hyperfiltration 

selectivity sequence is chloride, bromide, iodide, so that 

chloride is more likely to be hyperfiltrated whereas iodide 

will preferentially pass through the membrane to the effluent 

side. If this were the case, then ion filtration should be 

reducing the I/Cl ratio rather than increasing it. This is 

exactly the phenomenon that is observed along the northern 

and eastern portions of the aquifer. 
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It appears that ion filtration may be concentrating the 

halides in general, as evidenced by increases in 

concentration downgradient. This phenomenon will occur where 

there is sufficient overlying pressure so that a vertical 

component of flow is induced. In the early 1900's, flowing 

wells were observed in the area of Foremost, and even as far 

south as Pakowki Lake (Meyboom, 1960). Therefore, ion 

filtration could be occurring in the northern half to two 

thirds of the aquifer. Due to its preferential treatment of 

the halides, chloride concentrations will increase and I/Cl 

ratios will decrease where ion filtration is the dominant 

mechanism. In the most distal portion of the aquifer, where 

the sandstone grades to shale, both iodide and chloride are 

concentrated by membrane filtration, although the chloride 

concentration is particularly pronounced. The steep 

concentration gradients are probably the result of 

accumulation by the filtration process in addition to 

diffusion from the surrounding shales. Throughout the 

aquifer, elevated I/Cl values can be attributed to input of 

iodine from the shales and other fine grained sediments 

within the formation. The resulting chemical signature is 

due to the effect of subsurface contributions of iodide 

superimposed on the general enriching effect of ion 

filtration. 

This combined hypothesis, of ion filtration 

concentrating the halides downgradient, with additional 
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iodide being derived from shale layers within the sandstone, 

is suggested by Fabryka-Martin et al. (1987). These authors 

used 129I to identify two sources of iodide, recharge water 

and residual waters within the shale beds, each with a 

different isotopic signature. Based on the values of these 

two end-members, these authors determined that subsurface 

sources contribute 30 to 70% of total iodide in ground water 

in the central portion of the aquifer, and over 95% along the 

distal margins. 

It is also possible that halides are diffusing into the 

Milk River aquifer from the adjacent shales, as suggested by 

Hendry and Schwartz (1988) . If this is the case, then 

chloride would need to be diffusing at a greater rate than 

iodide in the distal portion of the aquifer, in order to 

create the observed decrease in I/Cl ratios. Areas in the 

aquifer which show elevated I/Cl ratios could be due to 

variations in the iodide content of adjacent shales. 

Although diffusion could be operating throughout the aquifer, 

the effect is likely to be most significant in the area where 

the Milk River Sandstone grades to the shales of the Lea Park 

Formation. 

Due to the complexity of this system, several mechanisms 

may be acting together to affect the geochemistry. The lack 

of sufficient data makes it difficult to conclude that one 

mechanism predominates. However, it seems evident that the 

increase in iodide in the Milk River aquifer can be 
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attributed in part to leaching, diffusion, or expulsion of 

residual water from the finer grained sediments within the 

aquifer. 

Lloyd et al. (1982) conducted several geochemical 

studies using iodide as a parameter to identify subsurface 

waters and to distinguish between possible sources. In each 

of these investigations, two or more waters were 

characterized and distinctions were made and sources 

identified based on comparisons. 

This study did not include the luxury of comparison. 

At best, suggestions were made regarding possible sources of 

iodide in the Milk River aquifer. These suggestions were 

certainly educated hypotheses, based on interpretation of the 

data in light of what is understood about the geochemical 

behavior of iodide. However, an understanding of the iodine 

geochemistry and the factors affecting the distribution of 

this halide in the Milk River aquifer could be enhanced by 

geochemical data from shale beds within the aquifer in 

addition to data from the adjacent formations. This may not 

be feasible in all cases. However, Hendry and Schwartz 

(1988) obtained chloride concentrations from soil water 

extracts from the both the Colorado and Pakowki Formations. 

Iodide concentrations could also be obtained from soil water 

extracts from these formations, thus characterizing these 

waters relative to water in the Milk River aquifer in 

addition to providing information on concentration gradients. 
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Analysis to determine organic matter content in the shale 

beds could provide more quantitative information about the 

relationship between iodide and organic material. In 

addition, since cross-formational discharge requires a 

vertical component of flow, data on the vertical variability 

of halide concentrations and ratios throughout the aquifer 

may be useful. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Iodine, a minor constituent in ground water, is useful 

in the characterization of both fresh and saline waters, in 

addition to being valuable as an indicator of sources of 

salinity in ground water. 

A review of the geochemical cycle of iodine indicates 

that many exceptions exist to the general assumption that 

iodine is a conservative element. Iodine is sorbed 

significantly by iron oxides, and to a lesser extent, by 

aluminum oxides. More importantly however, is its biophilic 

nature. Iodine is incorporated in organic matter, 

particularly marine organic matter. Thus, marine sedimentary 

rocks can contain appreciable amounts of iodine in both the 

interstitial waters and in the solid matrix. This enrichment 

of iodine is incorporated into the chemical signature of 

resident ground waters. 

The Milk River aquifer was selected as a field site in 

which to study the distribution of iodide and the 

implications of anomalously high concentrations. Iodide 

concentrations increase significantly downgradient, as do 

chloride and bromide concentrations. The distribution of 

these halides corresponds closely with transmissivity in the 

aquifer. 
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The good linear correlations between iodide, chloride, 

and bromide imply that all three halides are being 

concentrated by the same mechanism. However, elevated I/Cl 

ratios suggest additional enrichment of iodide. The 

similarity between I/Cl ratios in the Milk River aquifer and 

in the Anadarko Basin brines suggests that a similar 

mechanism or set of mechanisms may be responsible for 

concentrating iodide in both systems. 

Shale beds within the Milk River Sandstone are the most 

likely source of additional iodide. Residual waters in these 

fine grained marine sediments can contain appreciable amounts 

of iodide which can enrich the ground water that is actively 

flowing through the surrounding sandstone. 

The distribution of I/Cl ratios in the aquifer suggests 

a pattern of halide enrichment downgradient. Mixing of fresh 

meteoric water with more saline formation water is likely to 

be occurring near the recharge area. Downgradient from the 

recharge area, possible mechanisms contributing to this 

enrichment are ion filtration and diffusion from the adjacent 

aquitards. There is insufficient information to determine 

which of these mechanisms is predominate. Elevated I/Cl 

ratios suggest additional enrichment of iodide due to 

leaching, diffusion, or expulsion of soluble iodide from 

organic-rich sedimentary rocks within the aquifer. 

Although based on geochemical data, this study is 

essentially qualitative. However, the conclusions are 
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consistent with more quantitative evaluations, particularly 

the 1291 study by Fabryka-Martin et al. (1987) . 

The presence of soluble iodine in many types of 

sedimentary deposits makes this element a potentially useful 

identification parameter in waters which are complex and 

cannot be easily characterized by major ions. This study 

confirms the utility of iodine as a geochemical indicator of 

sources of salinity in ground water. 
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Table A-l. Halide Concentrations for Groundwater Samples from 
the Milk River Aquifer, this study 

Sample r (mg/l) CI" (mg/l) Br" (mg/l) 

2 4.77 547.5 8.49 

3 2.03 202.7 3.59 

5 0.16 12.7 0.25 

7 0.13 30.7 — 

8 0.26 55.3 — 

9 1.50 144.8 2.82 

10 3.09 593.2 6.04 

11 0.32 45.0 — 

12 0.40 55.0 — 

13 0.47 75.8 — 

14 0.33 60.3 — 

15 0.54 72.7 — 

16 2.07 418.8 4.81 

17 0.63 127.6 — 

18 4.27 845.5 10.31 
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Table A-2. Halide Concentrations for Groundwater Samples from 
the Milk River Aquifer, Swanick and Bentley 

Sample I" (mg/1) CI" (mg/1) 

19 3.50 627 

20 2.10 495 

21 2.90 526 

22 2.86 610 

23 1.89 402 

24 1.30 136 

25 0.86 130 

26 0.54 72 

27 — 181 

28 6.20 1295 

29 1. 90 356 

30 0. 65 110 

31 — 92 

32 3 .25 220 

33 0.52 81 

34 0.54 79 

35 6.00 1093 

36 8.20 1053 

37 2.72 434 

38 5.30 698 

39 2 .30 453 
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Table A-2. — Continued 

Sample I" (mg/1) CI" (mg/1) 

40 0.43 82.4 

41 0.40 89.2 

43 1.64 105 

44 0.74 59.9 

45 1.82 295 

46 0.20 35.5 

47 0.35 78.2 

48 3.80 628 

49 1.88 292 

50 0.81 114 

51 1.18 227 

52 0.81 110 
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Table A-3. Halide Ratios for Groundwater Samples from the 
Milk River Aquifer, this study 

Sample I/Cl (XlO3) I/Br (xlO3) 

2 8.71 0.56 

3 10.01 0.57 

5 12. 60 0.64 

7 4.23 — 

8 4.70 — 

9 10.36 0.53 

10 5.21 0.51 

11 7.11 — 

12 7.27 — 

13 5.28 — 

14 5.47 — 

15 7.43 — 

16 4.94 0.43 

17 4.94 — 

18 5. 05 0.41 
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Table A-4. Halide Ratios for Groundwater Samples from the 
Milk River Aquifer, Swanick and Bentley 

Sample I/Cl (xlO3) 

19 5.58 

20 4.24 

21 5.51 

22 4.69 

23 4.70 

24 9.56 

25 6.62 

26 7.41 

27 — 

28 4.79 

29 5.34 

30 5.91 

31 — 

32 14.77 

33 6.35 

34 6.76 

35 5.49 

36 7.79 

37 6.27 

38 7.59 

39 5. 08 

40 5.22 
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Table A-4. — Continued 

Sample I/Cl (xlO3) 

41 4.93 

43 15.62 

44 2.90 

45 6.17 

46 5.75 

47 4.48 

48 6.05 

49 6.44 

50 7.11 

51 5.20 

52 7.36 

53 7.61 
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