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ABSTRACT

Iodine-129 (t112, 16 My) is a naturally-occurring tracer which

can be used to study hydrologic and geologic processes on time scales up

to 100 My. Global modelling suggests that the pre-bomb atmospheric

ratio 129I/I should have been constant in time and space. This ratio is

the starting value in ground-water recharge, and subsequent ratio

changes are determined by isotope contributions from three sources:

recharge water, iodine leached from the formation, and in situ uranium

fission.

This expected behavior is compared to field study results.

Ground-water samples from the Great Artesian Basin, Australia, provide

an estimate of the atmospheric equilibrium ratio, 6 x 10-13 .

Down-gradient changes in water up to 1 My old suggest that subsurface

production can be significant. The usefulness of 129I as an indicator

of brine source and age is verified in brines collected in and around

Louisiana salt domes. The method leads to ages of 7 and 9 My for two

brine pockets trapped within Jurassic salt, and 32 to > 40 My for

oil-field brines in Miocene sands adjacent to the domes.

xii



CHAPTER 1

INTRODUCTION

Continual advances in analytical capabilities have encouraged

geochemists and hydrologists to give increased attention to less common

radionuclides in order to study geologic processes on the time scale of

104 to 10 8 years. The radionuclide 1291, with a half-life of 16 million

years, has the potential of being such an environmental tracer which

could add to our understanding of development of brine chemistry, mixing

of water sources, radionuclide migration through geologic media, origin

and movement of hydrocarbons, and other long-term geologic processes.

Its presence in gaseous effluents from nuclear reactors and reprocessing

plants, in high-level radioactive wastes, and in fallout from the test-

ing of nuclear weapons has also established the need for a baseline

against which to monitor manmade contributions.

Production of natural 1291 takes place in the upper atmosphere

primarily by spallation reactions on stable xenon isotopes, and in the

lithosphere by fission of uranium isotopes. The use of 129Xe, the

stable decay product of 1291, has long been applied as a dating method

in meteoritic and terrestrial studies. The first application was by

Katcoff, Schaeffer, and Hastings (1951), who estimated the time interval

between the formation of the elements and of the earth's atmosphere on

the basis of the quantity of atmospheric 129Xe. The authors assumed

that this 129Xe originated primarily from the decay of 1291 after the

1
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formation of the earth, and that the initial cosmic abundance of 1291

was equal to that of stable 1271. Since the discovery of excess 129Xe

in meteorites by Reynolds (1960), 129Xe levels have been measured in

numerous meteoritic studies to estimate formation times and cooling

rates (e.g., Hohenberg, Podosek, and Reynolds, 1967; Sabu and Kuroda,

1967). Similarly, 129Xe levels in terrestrial minerals have been used

to estimate mineral ages (Hennecke and Manuel, 1977; Teitsma and Clarke,

1978) .

One of the first direct measurements of 1291 in nature was made

by Studier et al. (1962), who outlined analytical techniques for iso-

lating iodine from natural materials and determining levels of 1291

together with stable iodine. The same year, Edwards (1962) proposed

using 1291 as a ground-water tracer. The foundation for such an effort

was set forth by Kohman and Edwards (1966) and Edwards and Rey (1968),

who quantified the expected distribution of terrestrial 1291 under equi-

librium conditions and reported the first measurements of this isotope

in old mineral and brine samples.

Tb date, however, in spite of a number of intriguing proposals

mentioned in the literature, hydrologic field studies of this isotope

have focussed solely on its migration following release from manmade

sources such as radioactive waste, nuclear-fuel reprocessing plants, and

nuclear weapons tests (e.g., Barraclough, Lewis, and Jensen, 1981;

Brauer and Rieck, 1973; Brauer and Strebin, 1982; Kantelo, Tiffany, and

Anderson, 1982; Wolfsberg et al., 1984). A limiting factor has been

lack of capability for measurement of very low isotopic ratios, a prob-

lem overcome by the analytical system used in this study.
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This thesis examines the potential of natural 1291 as an

environmental tracer and dating method, with emphasis on applications in

ground-water hydrology. The measurement of 1291 or its ratio to. stable

127 I in hydrologic systems is appealing because it has a limited number

of subsurface sources or sinks, is fairly mobile in the environment, and

is commonly assumed to sorb negligibly on most rocks and minerals. No

fractionation is expected to occur in any of its exchange reactions.

The greatest attraction of the method is that it has a potential dating

range of nearly 100 million years.

The foundations for the use of 1291 as a tracer and dating

method are set forth in the next three chapters. Chapter 2 describes

the geochemical cycle of stable iodine. Many exceptions exist to the

general assumption of conservative behavior for this element, particu-

larly if organic matter is present. These exceptions must be taken into

account when interpreting 1291 concentrations in a given geologic set-

ting. Global iodine inventories and fluxes are estimated, and a model

is used to calculate expected residence times in environmental compart-

ments.

Chapter 3 examines the expected distribution of 1291 in the

terrestrial environment. Production mechanisms are described, and the

terrestrial inventory of 1291 is estimated and used to calculate a glob-

al average ratio 1291/1. The compartment model previously developed is

used to predict the distribution of 1291 in the environment. The

results indicate that significant natural deviations from the global

average are not expected in the ocean, atmosphere or biosphere but
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should certainly be observed in the subsurface. Factors influencing the

magnitude of such deviations are discussed.

Techniques used in this study for measuring iodine and 1291 con-

centrations in water are discussed in Chapter 4, and the first field

studies of the behavior of natural 1291 in ground water are described in

Chapter 5. In the Great Artesian Basin of Australia, ground-water sain-

pies provide an estimate of the atmospheric equilibrium ratio and a

profile of changes in 1291 concentration over a timespan of one million

years. The second field site includes brines collected in and around

three Gulf Coast salt domes and was selected to test the usefulness of

1291 as an indicator of the source and age of brines. The implications

of the results are discussed in each case in light of other geochemical

and isotopic studies reported in the literature. The final chapter sum-

marizes the current state of knowledge about behavior of iodine isotopes

in hydrologic systems and recommends future areas for research.



CHAPTER 2

IODINE GDOCHEMISTRY

An understanding of the processes controlling the total level of

iodine in solution is essential to interpreting the implications of 1291

contents or ratios in a given ground-water environment. For example,

the iodine content of rain is on the order of 2 pg/1 while that of

ground water can exceed 100 mg/1 in brines. Even though the latter case

represents an extreme, an increase in iodine concentration in older

ground waters by at least an order of magnitude is probably the rule

rather than the exception. Subsurface sources of iodine capable of

overwhelming the meteoric component are clearly present.

This chapter describes the concentrations of iodine at different

stages of its geochemical cycle and the transfer mechanisms by which it

moves out of one environmental compartment and into another. Based on

this information, a global model is used to estimate the mean residence

time of iodine in each part of the environment. Such estimates are

important to develop for environmental tracers because they determine

the extent to which one can assume well-mixed reservoirs and are useful

for predicting the effects of perturbations to the cycle. The model

also provides a basis for evaluating possible applications of 1291 as a

hydrologic and geologic tracer.

5
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2.1 Electrochemistry of Iodine 

The stability field of iodine is such that inorganic iodine can

theoretically exist in any of three stable valency states (-1, 0, +5) at

any stage of its cycle (Figure 1). In addition, because of its biophil-

ic nature, it commonly occurs in organic compounds such as methyl iodide

(CH31). The particular form of iodine that is dominant in a given envi-

ronment, together with solution pH, determines the rate, extent, and

nature of processes acting to remove iodine from solution--e.g., whether

sorption onto atmospheric aerosols, uptake by organisms, or chemical

reaction with soil organic matter or oxides will be significant. Not

all studies reported in the literature have taken into account the

importance of oxidation state, which may explain some of the apparently

contradictory results. Where possible, discussion of the influence of

oxidation state is included in the description of each iodine reservoir

and transfer mechanism.

A note of warning is warranted with regard to the interpretation

of Eh-pH diagrams. These are merely models that express what is thermo-

dynamically possible at equilibrium but do not necessarily provide an

accurate prediction of what forms will be observed in nature. Oxygen is

a relatively poor oxidant because iodide (I -) is quite stable in oxy-

genated solutions (Bondietti, 1981). Oxidation to iodate (I03-) is

kinetically a sluggish reaction, commonly requiring a catalyst.

2.2 Iodine in the Ocean 

A sumnary of the range of environmental levels and the estimated

global average in each environmental compartment is presented in Table
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1. The ocean is the largest reservoir of iodine exchanging actively

with the terrestrial biosphere. Measured levels range from 39 to 67

Pg/1 and show an increase with depth from an average of 50 pg/1 in sur-

face waters to 60 pg/1 in deeper waters. Although iodate (I03-) is the

only thermodynamically stable species in sea water, a significant pro-

portion is present as iodide (I-), with smaller amounts existing as

organic compounds in the surface microlayer. Typical iodide concentra-

tions are 10 pg/1 (about 22% of total I) near the surface, decreasing

gradually with depth to about 2 pg/1 (3% of total I) (Fuge r 1974). The

trend is reversed in the bottommost layer of the deep ocean where iodide

enrichment to concentrations of more than 5 pg/1 has been observed,

perhaps attributable to diffusion of iodide from organic-rich bottom

sediments undergoing anaerobic decomposition (Elderfield and Truesdale,

1980).

The presence of iodide in surface waters has been attributed to

enzymatic reduction of iodate by marine bacteria and organisms capable

of reducing nitrate (Tsunogai and Sase, 1969). Iodide is the form in

which this element is assimilated by planktom diatoms, algae and other

marine organisms (Fuge, 1974). Marine plants and animals are well known

as large-scale accumulators of iodine. Many algae species contain 1000

ppm or more, an enrichment of 105 over concentrations in the water. The

death of these organisms and their accumulation in marine muds is an

important mechanism for removing iodine from ocean water.

The flux of iodine from ocean to atmosphere is about 2 x 1012 g/yr

(Kocher, 1981) and is a function of sea-surface temperature (Martens

and Harriss, 1970). The major transfer mechanism is probably
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Table 1. Measurements of Iodine in the Environment

Location	 Measured	 References	 Adopted Average
Concentrations	 Concentration

Ocean	 39-67 pg/1	 (3,4,5)
Mixed-layer	 50 pg/1
Deep	 60 pg/1

Atmosphere	 0.2-50 ng/m3	(4)
Land	 5 ng/m3
Ocean	 30 ng/m3

Precipitation	 0.2-15 pg/1	 (4)
Land	 1 pg/1
Ocean	 6 pg/1

River water	 0.1-40 pg/1	 (4,8)	 3 pg/1

Ground water
Fresh	 <0.1-73 ug/1	 Table 2	 6 pg/1
Brine	 0.2-1400 mg/1	 (1,2,9)	 100 pg/1

Ocean sediments	 2-2000 ppm	 (4,6,7)	 50 ppm

Soil	 0.6-50 ppm	 (4,8)	 2 ppm

Rocks	 (4)	 0.5 ppm

Terrestrial
biosphere	 0.1-10 ppm	 (4)	 0.3 ppm

*See Kocher (1981) for extensive reference list of original sources.

References: (1) Collins (1969, 1970), Collins and Egleson (1967)
(2)Dean (1963)
(3)Elderfield and Truesdale (1980)
(4)Kocher (1981)
(5)Liss, Herring and Goldberg (1973)
(6)Price and Calvert (1977)
(7)Shishkina and Pavlova (1965)
(8)Tikhomirov, Kasparov, and Moiseyev (1981)
(9)Whittemore et al. (1981)
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bubble-bursting in the surface microlayer, resulting in ejection of io-

dine in the form of organic compounds or sorbed as iodide onto particles

(MacIntyre, 1974). Iodide can be photo-oxidized to volatile 12 by sun-

light, which may accelerate evaporative losses at the surface (Miyake

and Tsunogai, 1963) and may also increase transfer efficiency of

bubble-bursting by oxidizing iodide associated with airborne spray

before the droplets fall back into the sea (MacIntyre, 1974). Gaseous

12 is then sorbed onto atmospheric aerosols small enough to remain in

stable suspension in the air (Martens and Harriss, 1970).

2.3 Iodine in the Atmosphere 

2.3.1 Air

The result of the ocean's selective transfer mechanism is

enrichment of iodine in the atmosphere relative to other halogens. Its

ratio to chlorine is 100 to 1000 times higher in the atmosphere than in

the ocean. Measured concentrations range from <1 to 50 ng/MP. Although

highly variable in time and place, concentrations tend to be highest

over the oceans, decreasing with altitude and with distance from the

sea. Along a traverse inland from the Baltic Sea, for example, the io-

dine content of the atmosphere was found to decrease by 65 to BO% at 3.5

kilometers from the sea (Fuge, 1974). Lower inland concentrations may

reflect removal by wet or dry deposition; or they may be a consequence

of more intensive convective mixing of air masses as they move inland,

which would lead to a considerable decrease in the subcloud layer and a

more uniform vertical distribution (Junge, 1963). Based on chloride

concentration gradients, Junge concluded that vertical mixing was
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complete at a distance ranging from 30 to 600 kilometers from the coast,

the distance being a function of the degree of mixing over the oceans

and the relative importance of land sources of chloride. Because no

vertical profiles have been published of iodine concentrations, it is

difficult to evaluate which mechanism is more important in reducing

atmospheric levels. Each mechanism has different implications for the

extent to which marine iodine would be expected to dilute 1291 produced

in the upper atmosphere.

Iodine occurs in the atmosphere in many different forms:

aerosol particles, inorganic gases (HI, 12), organic gases (CH3I, other

alkyl iodides, and more complex compounds) (Brauer and Strebin, 1982).

Due to the large number of anthropogenic sources, the distribution of

natural iodine among these forms is difficult to estimate. Several

studies have found that gaseous forms of iodine generally dominate.

Brauer, Rieck, and Hooper (1974) found that an average of 75% of total

iodine occurred as free gas, the proportion varying from 42% to 90%.

These authors felt that, probably, the gaseous iodine was mostly organic

and, relative to 12 , chemically unreactive. Their hypotheses were sup-

ported by the results of a study by Rahn, Borys, and Duce (1976) who

found that 90% of atmospheric iodine in semi-remote sites occurred in

gaseous form. The organically bound portion of the iodine gases aver-

aged 70% and decreased with increasing solar radiation, from 87% at 609N

to 33% at 32°N. Kocher (1981) pointed out that the predominance of

gaseous iodine implies that concentration should be independent of alti-

tude; hence, his estimates of 5 and 30 ng/m3 for average land and marine
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atmospheres, respectively, can be assumed to represent vertically aver-

aged air concentrations (Table 1).

The importance of chemical form with respect to this thesis is

its influence on relative residence times. Rahn et al. (1976) found

that the residence time of organic iodine species (18 days) was more

than twice as long as that for particulate iodine (8 days). Inorganic

iodine gases had a residence time of 10 days. Particulate iodine also

had a slightly longer residence time than that for other halogens, in

agreement with a study showing that it has an average diameter (0.6 pm)

that is significantly smaller than that for particulate bromine (0.9 pm)

or chlorine (0.6 to 5 pm) (Rahn et al., 1976; compare also to results in

Winchester and Duce, 1967). Given the predominance of organic iodine

gases in the atmosphere, the overall residence time is about 15 days

(Rahn et al., 1976).

2.3.2 Precipitation

Iodine is removed from the atmosphere by dry and wet deposition.

Dry deposition only affects iodine near the ground and involves settling

of particles and absorption of gases by plants and soil. This process

is locally *portant near pollution sources and in arid areas and is

crucial to plants because it constitutes their major source of this

trace element (Bolin, 1959; VOught, Brown, and London, 1970). However,

it is assumed to be negligible on a global scale (Kocher, 1981).

Wet deposition involves rainout of atmospheric iodine within

clouds and washout of iodine below the cloud layer. The rainout process

involves condensation of water onto aerosols and is highly efficient for
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particles of radii larger than 0.2 an (Junge, 1963). Washout involves

the collection of large (>1 4m) aerosol particles by falling rain drop-

lets (Junge, 1963) and is thus probably negligible for removal of parti-

culate iodine except over the ocean or near the coast where larger

particles are present. Rainout and washout are not very efficient for

removing gaseous iodine (Coleman and Postma, 1970) except when the gases

sorb onto aerosol particles as readily occurs in the case of 1 2 .

Concentrations in rain water range from 0.2 to 15 pg/l, decreas-

ing with altitude, with distance from the ocean, and with time during a

single storm event (Duce et al., 1963; Fuge, 1974). Kocher (1981) sug-

gested that the average ratio of iodine concentration in rain to that in

the atmosphere should be fairly constant. Few studies have been done of

the speciation of iodine in rain. Much of the iodine in Swedish rain

was observed to be in organic form; a New Zealand study reported this

proportion to be about 40% (Dean, 1963).

2.4 Iodine in Surf icial Materials 

2.4.1 River Water

Iodine concentrations reported in river water range from 0.1 to

40 pg/l. The similarity to rainwater concentrations suggests that mod-

ification of iodine content during surface drainage is not generally

significant except on a local scale. High iodine levels were noted, for

example, in Russian rivers draining iodine-rich marine deposits and

chernozem soils (Fuge, 1974). The dominant chemical species in river

water appears to be iodide (Fuge, 1974), as is also indicated by the
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efficiency of anion exchange resin for extracting iodine from rivers

(Brauer and Strebin, 1982).

2.4.2 Soil

Soils are enriched in iodine relative to their parent material,

with concentrations ranging from <1 to 50 ppm. In the past, many

authors have interpreted this accumulation as an indication that iodine

is a relatively insoluble residual weathering product. However, the

general consensus today is that the enrichment is attributable to the

effectiveness of soil colloids in fixing iodine derived from the atmo-

sphere (Fuge, 1974). Iodine and humus contents are strongly correlated,

and iodine concentrations are generally highest in the organic-rich sur-

face soil horizon. Laboratory studies evaluating 131I as a tracer in

soil columns showed that movement of peak activity was unretarded but

overall recovery never exceeded 44% (Kaufman and Orlob, 1956). The

implication is that fixation involves chemical reaction and not just

physical adsorption or ion exchange (Ullman and Aller, 1980). The domi-

nant reaction probably involves iodine and amino acid and phenolic

compounds of the soil organic matter (Whitehead, 1974b).

Clay fractions also appear to have the ability to fix iodide,

and numerous studies have documented sorption of iodine by iron and alu-

minum oxides under acid conditions (Fuge, 1974; Whitehead, 1974b). On

the basis of laboratory experiments, Neal and Truesdale (1976) suggested

that iodine uptake by some clays may be inhibited as a function of

salinity. In contrast, uptake by organic matter was found to be inde-

pendent of competing ions (Neal and Truesdale, 1976) but was inhibited



15

in anoxic systems (Price and Calvert, 1977). The role of iodine specia-

tion is undoubtedly important but researchers have reached conflicting

conclusions about the relative sorption behavior of iodide and iodate

(e.g., compare Neal and Truesdale, 1976, to Whitehead, 1974a).

Evidence that the major source of soil iodine is the marine

atmosphere, as opposed to weathering by-products, is provided by the

observed decrease in iodine content of soils with depth, with distance

from the coast, and with decreasing annual precipitation rates (Gold-

schmidt, 1954). The mobility of soil iodine is not certain.

Conflicting conclusions have been reached concerning whether

water-soluble iodine is dominant or negligible (Fuge, 1974). Work by

Tikhomirov, Kasporov, and Moiseyev (1981) provided a possible explana-

tion for the apparent discrepancies. Their hypothesis was that all

iodine enters the soil initially in a water-soluble form. After pro-

longed contact, it is incorporated gradually into stable organo-iodine

compounds, chiefly humic and fulvic acids. In laboratory studies, the

time required to reach an equilibrium distribution of iodine species

depended on soil properties and ranged from two weeks to several months

or more. The proportion of water-soluble forms at equilibrium varied

from 1 to 20%, depending on soil group.

The migration rate of iodine in soil was also investigated by

Tikhaminov et al. (1981). In laboratory experiments, iodine initially

migrated fairly rapidly, reaching a depth of 10 to 20 cm in 10 to 15

days. The rate slowed with time, possibly as a result of conversion of

iodine to less mobile forms. The authors concluded that migration with

gravity flow of water is the most important transport process under
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natural conditions and that the transport rate varies from <10-8 to 10-7

cm/sec within the range of typical soil moisture contents.

Goldschmidt (1954) proposed that a steady state is ultimately

reached in the soil between iodine Absorbed from the atmosphere and

decomposing plant material, and that released to surface drainage and

ground water. Furthermore, he proposed that equilibrium would not be

attained until the soil was saturated with iodine, a process that could

take 104 to 105 years. The assumption of steady state thus may not be

reasonable for geologically young soils or glaciated areas. Whitehead

(1974a) came to a similar conclusion about long-term retention of iodine

in the soil profile, based on experimental studies with sandy loam.

Brauer and Strebin (1982) observed accumulation of 1291 in surface

litter and soil in the vicinity of reprocessing plants and found the

levels to be relatively stable, even years after discontinuance of

reprocessing operations. Only a small percentage of total activity was

found below surface layers. Iodine in ground water down-gradient of

geologically young soils may thus be predominantly derived from leaching

of aquifer materials rather than recharged precipitation.

2.5 Iodine in the Subsurface 

2.5.1 Rocks
0

The relatively large ionic radius of iodine (2.20 A) prevents it

from significantly replacing chloride (1.72 cA), hydroxyl (1.32 i'L), or
0

fluoride (1.25 A) groups in minerals (Fuge, 1974). Thus iodine contents

of rock-forming minerals tend to be similar, with no correlation seen
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between iodine and other halogens. Typical values fall in the range of

0.1 to 0.5 ppm in rock-forming minerals and in igneous rocks.

Fuge, Johnson, and Phillips (1978) found 60 to 100% of the io-

dine in 48 granitic rock samples to be water soluble. They suggested

that only a small amount of iodine in granite is present within mineral

lattices and that most of it occurs at crystal boundaries or in fluid or

soluble solid inclusions. Such a distribution is demonstrated also by

evidence of strong iodine depletion in weathering by-products (Lloyd et

al., 1982) and perhaps explains why iodine haloes have been observed

near hydrothermal ore deposits (Fuge, 1974). Similarly, in hydrother-

mally altered basaltic lavas and dikes in Iceland, Floyd and Fuge (1982)

found 53% of the iodine to be water-soluble.

The iodine content in sedimentary rocks is higher and more vari-

able than in igneous rocks. Typical values are: sandstones, 0.1 to 6

ppm; limestones, 0.4 to 30 ppm; and shales, 2 to 15 pin (Becker, Ben-

nett, and Manuel, 1972). Maximum values have been reported in oil shale

(72 am), argillaceous sandstone and calcareous shale (38 ppm), chalk

(29 ppm), and cherty limestone (23 ppm), reflecting their marine origin

(Becker et al., 1972; Cosgrove, 1970). The degree to which this iodine

can be leached appears to be a function of lithology and is discussed in

the section on ground water and brines (Section 2.6).

2.5.2 Evaporites and Mineral Salts

The iodine content of marine evaporites is generally between

0.005 and 0.2 ppm, more commonly towards the lower limit (Goldschmidt,

1954). However, some terrestrial evaporites have been found to contain
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significant concentrations of iodine. The best known example is the

iodate-rich Chilean nitrate deposits which contain 200 to 1700 ppm io-

dine (Rankama and Sahama, 1950) and which have counterparts in Antarcti-

ca and California (Fuge, 1974). The origin of these deposits is

somewhat of a mystery, but the most common explanation is that the salts

have an atmospheric origin and accumulated as brines in poorly drained

desert basins in the absence of biological activity. Capillary migra-

tion then led to the concentration of nitrate deposits (with associated

iodate) on more arid higher ground.

Phosphate deposits of biogenic origin also exhibit high iodine

concentrations, usually 10 to 100 ppm but occasionally up to 1000 ppm

(Goldschmidt, 1954). In the case of guano-phosphates, the concentration

can be attributed to high iodine levels in sea bird droppings as a

result of high levels in marine animals. In addition, some evidence

suggests that metasomatic calcium phosphate may be able to fix iodine,

perhaps by replacement in the lattice (Goldschmidt, 1954).

2.5.3 Recent Sediments

Ocean-bottom sediments are much enriched in iodine compared to

sedimentary rocks, with levels ranging from 2 ppm in coarse-grained

sands up to 2000 ppm in the surface layer of oxic organic-rich sedi-

ments. Enrichment is correlated with organic carbon, and both

components decrease with depth from the sediment surface (Fuge, 1974).

The decrease is exponential in the upper 0.1 to 1 meter and gradual

thereafter. Below one meter, typical iodine concentrations are 15 to

200 ppm (Price and Calvert, 1977; Shishkina and Pavlova, 1965). The
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iodine content of pore fluids, however, increases with depth and typi-

cally exceeds the level in sea water (0.06 ppm) by one to two orders of

magnitude, accounting for 1 to 3 of total iodine in ocean sediments

(Shishkina and Pavlova, 1965). Similar results have been found for

fresh lake sediments, but the level of enrichment in the sediments is

generally much less, on the order of 5 ppm (Fuge, 1974).

The mechanism for accumulation of iodine in ocean-bottom muds is

concentration by seaweeds, plankton diatoms, algae and other marine

organisms, and subsequent accretion of these organisms on the sea floor

after death. The iodine is mostly immobile and surface-bound on these

organic sediments, either adsorbed to colloid surfaces or covalently

bonded to carbon compounds (Fuge, 1974). Decomposition of buried organ-

ic matter remobilizes the iodine, some of which builds pp in pore fluids

and some of which becomes reincorporated into other organic compounds

such as N-iodoamides (Harvey, 1980). Iodine released near the sediment

surface may diffuse into overlying oxygenated sea water and subsequently

be reincorporated into the uppermost sediment layer after scavenging by

iron and aluminum oxides and organic matter (Ullman and Aller, 1980).

Given that the average rate of marine sedimentation is about

0.25 cm/1000 years (Laul et al., 1981), this process is obviously a pri-

mary mechanism for removing iodine from active circulation in the

hydrologic cycle. Net transfer from ocean to lithosphere can be

estimated by assuming a particle density of 2.5 g/cm3 , porosity of 40%,

and iodine contents of 50 nail and 1 ppm in the sediments and pore

fluids, respectively. On the basis of these crude estimates, marine

sedimentation is calculated to remove a net of 7 x 1010 g/yr iodine from
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the ocean, roughly equal to the net flux from ocean to atmosphere (1 x

1011 g/yr, Section 2.7).

Iodine transferred to the lithosphere is cycled back to the

hydrosphere by several long pathways. In more deeply buried sequences

of marine sediments, gravitational compaction forces iodine-rich pore

fluids out of clays and muds and into more transmissive sands.

Continued decomposition of organic matter also releases iodine to pore

fluids although this process is slow under reducing conditions.

Diagenesis of marine muds to shales results in a reduction in porosity

from an initial value of about 40% to a final porosity of 10% or less,

and a concomitant reduction in iodine content (in the solid phase) from

roughly 50 ppm to 8 ppm. According to these estimates, about 85% of the

iodine in marine formations could be returned to the hydrosphere by

diagenesis. The rate of release by this process will be a function of

sediment age, depth and mineralogy, formation temperature, and the

nature and distribution of the bound iodine.

Other pathways leading to the hydrosphere include flushing of

sediments by ground water and surface weathering of uplifted and exposed

sediments. Finally, a transfer mechanism that is probably significant

but not yet well understood is the removal of ocean-bottom sediments by

sea-floor spreading, reincorporation into the mantle at subduction

zones, and subsequent re-entry of constituents to the hydrosphere in

volcanic matter ejected along convergent plate margins. The time scale

of the first step of this mechanism, removal of sediments, has been

estimated to be on the order of 150 million years (Vine, 1969).
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2.5.4 Volcanic Matter

One of the greatest uncertainties in the geochemical cycle of

iodine is the relative *portance of transport of iodine in volcanic

processes. The world's volcanoes eject an estimated 2 x 10 9 to 3 x 109

tons of products each year (Mikhshenskiy et al., 1979). Lava flows and

coarse ash have restricted spatial distributions, but sUbmicron ash and

gases can be transported into the atmosphere and thus affect the global

fallout of elements. Cf the total volcanic eruptive material, the pro-

portion of gas is about 1 to 5% (3 x 107 to 1.5 x 10 8 tons/yr) and that

of submicron ash entering the stratosphere is About 1 to 10% (3 x 10 7 to

3 x 10 8 tons/yr) (Mikhshenskiy et al., 1979). Several studies have

reported chlorine and bromine concentrations in ash, in condensates from

fumaroles, and attached to particles in plumes (e.g., Cadle, 1975;

Lepel, Stefansson, and Zoller, 1978; Mroz and Zoller, 1975), but anal-

yses of iodine are much less common. The best estimate for the iodine

flux would thus seem to be the product of the chlorine flux and the

expected I/C1 weight ratio for volcanic matter.

Volatile iodine in volcanic ejections can come from two sources:

outgassing of magma and interaction of ground water or sea water with

hot magma material (Lepel et al., 1978). The I/C1 ratio is about 10-3

in igneous rocks, 10-4 in ground water, and 3 x 10-6 in sea water.

Ratios measured in fumarole gases in Japan ranged from 10-5 to 10-3

(Honda et al., 1966). In the quiescent plume of Mount St. Helens, the

I/C1 ratio was 4 x 10-3 (Phelan et al., 1982); in the El Chich6n plume,

this value was 3 x 10-3 (Kotra et al., 1983). The global emission of

gaseous chlorine to the troposphere and stratosphere has been estimated
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at 7.5 x 105 and 2.8 x 10 4 metric tons/yr, respectively (Cadle, 1975).

Assuming an average I/C1 ratio of 10 -3 , then one would estimate that the

gaseous iodine volcanic flux would be on the order of 800 metric

tons/yr, or 8 x 10 8 g/yr. For comparison, Miyake and Tsunogai (1963)

estimated a flux of 1.2 x 10 9 g/yr but did not justify or cite a source

for this estimate.

2.6 Ground Water and Brines 

Iodine in subsurface fluids ranges from 10-3 to 103 mg/l.

Surveys of ground water used for drinking-water supplies have reported

concentrations from <10-4 to 0.07 mg/1 (Table 2). Thermal waters range

from 0.2 to 1.2 mg/1 (Dean, 1963). Oil-field brines and brines associ-

ated with algae-rich sedimentary rocks contain the highest reported

concentrations of iodine in natural waters, 1 to 1400 mg/1 (Table 1).

The concentration in recharge water is controlled primarily by

rainfall concentrations, modified by surface evaporation, attenuation by

the soil, and leaching of iodine-rich sediments and rocks.

Consequently, the highest levels in New Zealand drinking waters were

associated with peat (15 pg/1) and mudstone (6 to 9 pg/l) while waters

associated with greywacke, schist or alluvium were unchanged from aver-

age rain concentrations (1 to 3 pg/l) (Dean, 1963).

Below the soil zone, recharged iodine is not expected to

interact significantly with rocks or sediments. Most formations have

little anion-exchange capacity, and metal cations which could retard

iodine mobility by forming cationic complexes or low-solubility cm-

pounds (e.g., Hg, Bi, Cu, Ag, Cd, Pb) are not commonly found in
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Table 2.	 Iodine Concentrations in Ground Water Used for Drinking Water

Location No. of Range Observed Average Reference
Samples (pg/l) Concentration

(pg/1)

Arizona 41 0.0	 - 50.0 9.2 Hansen
(1936)

Kansas 31* 2.6	 - 22 10.7 Whittemore
et al.
(1981)

Massachusetts 30 0.0	 - 4.1 1.6 McClendon
(1939)

Michigan 29 0.0	 - 65.0 3.9 McClendon
(1939)

Various cities
in U. S. 25 0.01 - 73.3 4.2 McClendon

(1939)

New Zealand 10 .7	 - 14.8 5.3 Dean
(1963)

TOTAL 166 0	 - 73 6.2

*Includes test wells and water-supply wells for which TDS < 1500 ppm.
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significant levels in natural ground water (Allard et al., 1980). Even

so, monitoring of 1291 migration through aquifers has indicated that

retardation can occur. Barraclough, Lewis, and Jensen (1981) found that

the 1291 plume from a waste injection well in basalt had migrated only

one-third as far as the tritium plume. Wolfsberg et al. (1984) and

Fraser (1982) reported that 1291 recovery down-gradient of an under-

ground nuclear test in saturated alluvium was low and erratic. Because

iodide is strongly adsorbed on anion-exchange material, one can specu-

late that even the limited anion-exchange capacity of these formations

may be responsible for the Observed retardation (Bentley, 1983, personal

communication).

Down-gradient increases in iodine concentrations are commonly

observed, and the effect of lithology can be pronounced. Concentrations

in the Lincolnshire limestone of eastern England were constant in oxi-

dizing waters (4 to 5 pg/1) but increased sharply and monotonically with

the onset of reducing conditions, to 1140 pg/1 at 27 km from the

outcrop. Edmunds (1973) attributed the increase to desorption of iodine

associated with organic matter in the limestone. I/C1 ratios were used

in two English chalk aquifers to distinguish modern saline intrusion

waters (ratio of 10 -6 to 10-5) from older saline waters (ratio > 10 -5 )

(Lloyd et al., 1982). Enrichment of iodine relative to chloride was

believed to imply long residence time with limited ground-water mobili-

ty, allowing signficant exchange of iodine between the chalk and ground

water.

I/C1 ratios were also used by Whittemore et al. (1981) to dis-

tinguish between saline ground water derived from dissolution of
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evaporite deposits and that associated with oil-field brines (Figure 2).

Strong iodine enrichment in oil-field brines is probably due to release

from organic-bearing marine shales and clays. Collins (1969) found that

oil-field brines containing high concentrations of iodine contained

appreciable amounts of organic salts although no iodine was detected in

the associated petroleum samples. The same mechanism of enrichment can

affect young ground waters. Recharge of ground water through estuarine

muds and silts and gypsiferous beds quickly led to relatively high io-

dine concentrations in an English chalk aquifer (Lloyd et al., 1982).

Finally, although argillaceous and calcareous sedimentary depos-

its are the most common subsurface sources of iodine, igneous rocks can

be significant contributors as well. In the alluvial aquifer of the

Lima basin, Peru, enrichment of iodine (8 to 80 pg/l) was attributed to

leaching of hydrothermal deposits in granodiorites bordering the basin

(Lloyd et al., 1982). In comparison, background levels in the alluvium

were 1 to 7 pg/l.

2.7 Iodine Geochemical Model 
and Residence Times 

A geochemical model is an attempt to view the distribution of an

element in a simplistic and systematic manner as it moves through vari-

ous environmental compartments: ocean, atmosphere, soils, ground water,

and so forth. Such models are generally based on the assumption of

steady state, i.e., inventories and transfer rates are invariant with

time. Each compartment is assumed to be well-mixed; inputs to a com-

partment are instantaneously and uniformly distributed throughout the

compartment. In the simplest models, fluxes are assumed to be
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Figure 2. Variation in the Weight Ratio I/C1 with Chloride
Concentration (Whittemore et al., 1981).
Curves are the boundaries of mixing zones of fresh
waters with oil-field brines and evaporite-dissolution
brines.
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controlled by the inventory in the donor compartment and insensitive to

that in the recipient. Although such a model is undoubtedly crude and

oversimplified, it is useful in the absence of more definite data and

serves as a first-order approximation of the expected behavior of an

element (Lal, 1963). The most detailed global iodine model published to

date is the linear compartment model by Kocher (1981), which represents

considerable refinement over the earlier effort of Miyake and Tsunogai

(1963). The model allocates iodine among nine globally-aggregated com-

partments, including land and marine atmospheres, shallow and deep ocean

layers, and shallow and deep ground waters. Some compartments and

transfer pathways were omitted by Kocher because he did not consider

them to be important for his purposes. Figure 3 shows the model, modi-

fied for the purposes of this study to include compartments for igneous

rocks and for sediments removed from active exchange with the ocean but

in contact with ground water. Compartment inventories are tabulated in

Table 3 and fluxes in Table 4.

The model is most useful for its implications about residence

times for iodine in each compartment. Mean residence time in compart-

ment i, Ti, is given by (Kocher, 1981):

Ti = Yi /	 Fij
jOi

where Yi = inventory of iodine in compartment i

Fij = flux of iodine from compartment i to j

n = total number of global compartments

(1)
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Table 3. Estimated Global Inventories of Iodine*

Compartment Total Mass	 Adopted	 Inventory of
(g)	 Concentration 	 Iodine (g)

1.Ocean
atmosphere 30 ng/MP 8.3 x 1010

2.Land
atmosphere 5 ng/M3 5.7 x 109

3.Ocean
mixed layer 2.8 x 1022 50 pg/1 1.4 x 1015

4.Surface
soil 2.1 x 1020 2 ppm 4.2 x 1014

5.Terrestrial
biosphere 1 x 1018 0.3 ppm 3.0 x 1011

6.Deep ocean 1.3 x 1024 60 pg/1 8.1 x 1016

7. Recent ocean
sediments 1.5 x 1022 50 ppm 7.5 x 1017

8.Shallow
ground water 4.7 x 1021 6 11g/1 2.8 x 1013

9.Deep
ground water 3.7 x 1021 100 pg/1 3.7 x 1014

SUBTOTAL, HYDROSPHERE RESERVOIR 8.3 x 1017

10.Sediments 2.5 x 1024 2 ppm 5.0 x 1018

11. Igneous
activity 6.0 x 1025 0.2 ppm 1.2 x 1019

TOTAL, GEOSPHERE RESERVOIR 1.8 x 1019
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Table 3—Continued

*Notes on Methods of Calculation:

Compartments 1-6, 8-9. Iodine inventories based on compartment masses
from Kocher (1981) and iodine concentrations from Kocher (1981) and
Table 1.

Compartment 7. Iodine inventory Y7 calculated by method of Kocher
(1981):

Y7 = F7, 6 / k7,6

where F7,6 = iodine flux from recent sediments to deep ocean,1.5 x 1011 g/yr (Table 4)
k7,6 = fractional transfer rate from recent sedimentsto deep ocean, 2 x 10- / yr-1 (Kocher, 1981)

Compartment mass calculated on assumption that concentration is
50 ppm (Table 1).

Compartment 10. Compartment mass estimate is from Garrels and Mackenzie
(1971), and adopted concentration is average of typical iodine values in
shales (2.2 ppm), carbonates (1.2 ppm) and sandstones (1.2 ppli)
(Krauskopf, 1967, p. 592), weighted by the proportions of these rock
types in the total sedimentary mass (0.75, 0.14, 0.11, respectively)
(Garrels and Mackenzie, 1971).

Compartment 11. Iodine inventory from Miyake and Tsunogai (1963), and
adopted concentration from discussion in Fuge (1974).
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Table 4—Continued 

Notes: Chronological order in which fluxes were determined

--- Flux assumed to be negligible relative to other transfers
to or from compartment

K Adopted flux used in Kocher (1981)

(a) Assumed total volcanic flux to be 1.2 x 10 9 g/yr (Miyake
and Tsunogai, 1963) and apportioned it to ocean and land
atmospheres according to ocean and land surface areas

(b) Assumed total river water flow of 3.23 x 1019 g/yr with
the following sources (Kocher, 1981) and concentrations
(Table 1):

Source of water
	 Proportion of	 Iodine

total river flow	 concentration     

Surface runoff
Shallow ground water
Deep ground water

0.85
0.15
0.003 

3 119/1
6 pg/1

100 pg/1

(c) Calculated F. by imposing conservation of mass principle:
total influx Must equal total outf lux for each compartment.

(d) Same as (c)

(e) Same as (c)

32
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Residence times calculated for each compartment are tabulated in

Table 5. The estimate of 15 to 17 days in atmosphere compartments

agrees with results discussed in Section 2.3.1 and is about half of the

time required to make one complete passage around the earth. Mean resi-

dence time for water in the atmosphere is 10 days.

The predicted mean residence time in soil is 3800 years, in

comparison with a residence time for water of two weeks to one year. At

first, this estimate seems high in light of measured distribution coef-

ficients for iodine. However, such coefficients are often measured

under saturated conditions; under unsaturated conditions, studies have

indicated that iodine is fixed by organic matter. Thus, the residence

time for iodine should be closely correlated with that of soil organic

carbon. This latter value has been determined for several soils by 14c

dating and ranges from 250 to 7000 years, attesting to the high resis-

tance of humus to microbial attack (Stevenson, 1981, pp. 15-16). The

advantage for 1291 studies is that this long hold-pp should average out

any short-term fluctuations in input functions to the ground water.

The predicted mean residence time for iodine in soil (3800

years) is considerably longer than that predicted for iodine in shallow

ground water (970 years). Both ground-water compartments only include

iodine in solution and exclude that in the formations. Kocher (1981)

considered that the flux of iodine from subsurface formations to ground

water was negligible; but discussion in Section 2.6 suggests otherwise,

and the model has been modified to take this flux into account. The

change is not significant enough to affect iodine residence time in

these compartments, as can be seen by comparing the results of the two
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Table 5. Calculated Mean Residence Times for Iodine in Geosphere
Compartments

Compartment Mean Residence Time
(years)

Kocher, 1981	 This report

Residence Time
for Water (yr)
(Freeze and
Cherry, 1979)

1.Ocean atmosphere 4.1 x 10-2 4.2 x 10-2
2.7 x 10-2

2. Land atmosphere 4.9 x 10-2 4.8 x 10-2

3.Ocean mixed layer 1.9 x 101 1.9 x 101

4. Surface soil 3.7 x 103 3.8 x 103 0.04 - 1

5.Terrestrial
biosphere 1.9 x 101 1.9 x 101

6.Deep ocean 1.1 x 103 1.1 x 103 4 x 103

7. Recent ocean
sediments 5.0 x 108 4.2 x 106

8.Shallow
ground water 9.6 x 102 9.7 x 102 2 x 102

9.Deep
ground water 3.8 x 10 4 3.8 x 10 4 1 x 104

10.Sediments Not considered 2.0 x 10 8

11. Igneous rocks Not considered 1.0 x 1010
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model versions in Table 5. However, the modification is important for

the 1291 cycle as will be shown in the next chapter. Kocher also noted

that calculated residence times for iodine in ground-water compartments

are four to five times those for the water itself and suggested that

this indicated an equilibrium distribution coefficient Rd of 0.2 ml/g.

Residence times of 19 and 1100 years for the mixed-layer and

deep ocean compartments are approximately the same as mixing times indi-

cated by tritium studies (Burger, 1980). However, the largest flux for

each ocean compartment is the one between them. If they are lumped

together as a single compartment, the calculated residence time is near-

ly 40,000 years. The assumption of complete mixing seems reasonable in

light of this time.

In Kocher's (1981) model, no long-term sink existed for iodine.

The ocean sediment compartment only includes iodine capable of exchang-

ing with the deep ocean and excludes that which is "permanently" fixed

in sediments or rocks. Kocher did not include a transfer pathway by

which iodine could be incorporated into the lithosphere. While this

simplification was probably justitied for Kocher's purposes, it is a

serious omission for a model that is intended to be applied to the

natural 1291 cycle. The calculated residence time for iodine in the

marine sediment compartment, in the absence of a longer-term sink, is

only 5 x 106 years and is not long enough to allow for significant decay

of 1291. Consequently, the modified version shown in Figure 3 includes

a terrestrial sediment compartment which is isolated from ocean circula-

tion. The major iodine flux into this compartment is due to

accumulation of ocean sediments. Major fluxes out are release to ground
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water and incorporation into the lithosphere (igneous rock compartment),

subsequently to be ejected into the atmosphere as volcanic matter and

perhaps into the deep ocean at spreading zones. The latter flux has not

been estimated.

Mean residence times based on these modifications are 4 million

years in recent ocean sediments and 200 million years in terrestrial

sediments. For comparison, Yi (1972) estimated a mean residence time

for sediments of 210 million years. The model also predicts a residence

time of 1010 years for iodine in igneous rocks, which implies that ter-

restrial iodine may not be truly in equilibrium although it certainly is

reasonable to assume so from the human perspective.



CHAPTER 3

IODINE-129 IN THE HYDROLOGIC CYCLE: PRINCIPLES

Iodine-129 is the only radioisotope of iodine which occurs in

natural concentrations large enough to detect by existing analytical

techniques. Measurements of its half-life have varied from 15.4 to 30

million years with 16 million years being the most commonly accepted

value (Table 6). Primordial supplies of this isotope are long extinct

but terrestrial supplies are continuously replenished by the action of

cosmic rays on stable elements in the upper atmosphere and by the fis-

sion of heavy elements in the subsurface. A fairly detailed

understanding of source, sink, and transfer functions and their vari-

ability in space and time is required in order to provide the basis for

using 1291 as a natural tracer. This chapter reviews production mecha-

nisms, uses a geochemical model to calculate the expected distribution

of 1291 in the terrestrial environment, and summarizes the expected

behavior of 1291 in ground water.

3.1 Source Functions 

3.1.1 Production in the Atmosphere

In the stratosphere, 1291 is produced by the action of cosmic

rays on stable xenon isotopes. The production rate is a function of the

flux of cosmic-ray nucleons, average nucleon energy, average cross-

sections for 1291 production from xenon isotopes, and xenon isotopic

37



38

Table 6. Half-life Determinations for Iodine-129

Half-life estimate
(x 106 yr)

Reference

30 * 10	 40 Parker et al. (1949), as cited in
Katcoff, Schaeffer, and Hastings (1951)

17.2 * 0.1 (m) Katcoff et al. (1951)

15.6 (m) Russell (1957)

15.4 (m) Ross (1970), as cited in Emery et al.
(1972)

15.7 0.4 40 Emery et al.	 (1972)

19.7 * 1.4 40 Kuhry and Bontems (1973)

15.7 Martin (1976)

16 Lederer and Shirley (1978)

15.9 Walker, Kirouac, and Rourke (1977)

15.9 Rose and Burrows (1976)

17 Heath (1982)

40 Measured value
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abundances. Kohman and Edwards (1966) calculated a production rate of

2.4 x 1019 atoms/yr. The steady-state contribution to the terrestrial

supply of 1291 is calculated by multiplying production rate by the mean

life of this isotope (t112/1n 2). Based on a mean life of 23 million

years, cosmic-ray production thus accounts for a steady-state contribu-

tion of 5.5 x 1026 atoms.

The influx of cosmic dust and meteorites also contributes to the

terrestrial supply. This isotope should be produced by spallation reac-

tions on cesium, barium, tellurium, and lanthanum isotopes and thus is

expected to be present in stony meteorites (chondrites). Based on an

average 1291 concentration of 10 5 atoms/g chondrite and an influx rate

of 3.7 x 1012 g/yr, the rate of meteoritic contributions is 3.7 x 10 17

atoms/yr, or 8.5 x 1024 atoms at steady state (Kohman and Edwards,

1966).

Cosmic-ray produced isotopes generally enter the geochemical

cycle fairly quickly, and 1291 is assumed not to be an exception. In

general, the nuclei are oxidized and become attached to aerosols in the

stratosphere (Lal and Peters, 1967). Mean residence times are one to

five years in the stratosphere and 30 to 90 days in the troposphere.

Once the aerosols reach the lower troposphere, they are efficiently

scavenged by cloud droplets and thereafter follow the same geochemical

paths as their stable counterparts.

3.1.2 Production in the Lithosphere

In the terrestrial environment, 1291 is produced by spontaneous

fission of 238U and 239Pu, and by neutron-induced fission of 235U and
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possibly 2380. On a global scale, spontaneous fission of 238U is

assumed to be the most *portant of these mechanisms at the present time

although production by 235U was probably dominant early in the earth's

history. The rate at which 1291 atoms are produced by spontaneous fis-

sion in a given sample of rock or water is expressed by:

d(N129) / dt = N238 Asp Y129
	 (2)

where N129 = number of 1291 atoms

N238 = number of 238U atoms

Asp = spontaneous fission rate constant for 238U (yr-1 )

Y 129 = fractional spontaneous fission yield at mass 129

The steady-state concentration is given by:

I:7129 = N238 Asp Y129 / Al29
	

(3)

= f238 NA Asp Y129 / (a238 X129)

where X129 = decay constant for 1291 (4.3 x 10-8 yr -1 )

f238 = fractional concentration of uranium in rock (g/g)

Nit = Avogadro's number (6.02 x 10 23 atoms/mole)

a238 = molecular weight of 238U (238 g/mole)

Evaluation of Uranium Fission Rates and Mass Yields. The exact

values for spontaneous fission rate constant Asp and mass 129 yield Y129

are still matters of discussion. Since 1940 about 50 measurements have

been made of the fission rate constant. The results range from 7 x

10 18 to 3 x 10-16/yr, with recent estimates tending to cluster about 7
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x 10-17 and 8.5 x 10-17/yr (Figure 4) (Bigazzi, 1981). The reason for

the discrepancy is lack of standardization of methods used to: (a)

estimate the neutron flux to which the sample has been exposed, (b) date

the mineral, and (c) correct the mineral age (Bigazzi, 1981). Several

recent reviews of the problem have not resolved this issue because each

recommended a different value: 7.9 x 10-17/yr (Popeko and Ter-Akopian,

1980), 8.6 x 10-17/yr (Holden, 1981), and 8.5 x 10-17/yr (DeCarvalho et

al., 1982). In this study, the latter value has been adopted.

Even greater uncertainty exists concerning spontaneous fission

yield at mass 129 (Y•-129), with estimates ranging from 0 to 0.08 (Table

7). The long spontaneous fission half-life of 238U and low fission

yield at mass 129 make it difficult to Obtain accurate measurements of

the latter. The most accurate relative fission yields are those deter-

mined by mass spectrometric techniques. The typical approach has been

to extract fission product xenon isotopes from uranium minerals of known

age. An observable change in the quantity and relative abundance of the

stable isotopes will be seen if the uranium content is sufficiently

high, the mineral sufficiently old, and contamination by the atmosphere

sufficiently low (Netherill, 1953). The change in relative abundance is

then used to calculate relative spontaneous fission yields.

The most commonly cited value for Y129 is 0.012%, as determined

by Wetherill (1953). Wetherill measured xenon isotopes in a mineral

sample about 600 million years old and concluded that the upper limit

for Y129 was either 0.012% or 0.02%. However, he noted that the low

quantity of fission helium and xenon gases in the samples indicated a

probable outgassing of the mineral 50 million years ago. In that case,
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Spontaneous-Fission Decay Constant (Bigazzi, 1981).



43

Table 7. Estimates of Uranium Fission Yields at Mass 129

Fission Yield at Mass 129 (%)
Spontaneous	 Thermal-n induced
fission of	 fission of

238u*	 235u

Reference

.088	 .013

.027 ± .002

00

00

Macnamara and Thode, 1950

Fleming and node, 1953

.012 or .02 (m) 1. (m) Wetherill, 1953

.01 .9 (m) Purkayastha and Martin, 1956

nearly zero" .71 (m) Young and node, 1960

.012 1. Von Gunten, 1969

.03	 .01 (c) .882 (c) Sabu, 1971

.012 Boulos and Manuel, 1972

.72 Walker, Kirouac and Rourke,
1977

* Yields normalized to 136X = 6.00%, except for Purkayastha and
Martin (1956) who used 13°Xe = 6.5%

(c) Calculated on basis of review of previously published data

00 Measured value

All other estimates were adopted from previous studies
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rebuilding of the 129Xe content would have been delayed by the decay of

1291. Wetherill proposed that 1291 would not have been affected by out-

gassing, expecting that this "hot atom" would have quickly reacted with

other elements in the mineral and thereby been retained. By this rea-

soning, he concluded that the lower limit was most appropriate, 0.012%.

Based on the observed geochemical mobility of iodine, the assumption of

complete retention may not necessarily be valid. Wetherill's alterna-

tive hypothesis seems much more reasonable: that outgassing resulted in

substantial loss of 1291 as well and the observed 129Xe level represents

1291 production and decay over 50 million years. Roughly 60% of the

1291 produced during that interval would have decayed to 129Xe by the

present time. The upper limit for spontaneous fission yield indicated

by Wetherill's data should thus be taken to be 0.02%.

Another consideration in evaluating spontaneous fission yield

estimates is whether other fission processes can be assumed to be negli-

gible. Spontaneous fission of 238U can only account for 1 to 47% of the

1291 levels Observed in several uranium-rich minerals (Table 8).

Measurements of mass 129 yield have involved ores containing 6 to 71%

U308. Several authors have shown that neutron-induced fission of 235U

is a sizeable proportion of the total number of fission events in urani-

um ores, accounting for up to 42% of the fissions (Attrep, Tasa, and

Sherwood, 1977). The actual proportion depends on ore age and the con-

centrations of uranium, thorium, light elements which increase the

neutron flux by (a,n) reactions (e.g., Na, Al, Mg), and heavy elements

with flux-reducing high thermal-neutron cross-sections (e.g., lantha-

nides).



45

Table 8. Iodine-129 Concentrations in Uranium Minerals

NBL
No

Mineral %U 1291
conc.

atoms/g
ore

Proportion of Total 1291 From
Spont. Fission	 Other Fission

of 238u	 Processes

1 Phosphate
Rock 0.025 3.8 x 107 0.01 0.99

5 Carnotite 0.09 1.2 x 107 0.11 0.89

4 Carnotite 0.15 7.2 x 106 0.31 0.69

7A Monazite 0.30 9.6 x 106 0.47 0.53

3A Pitchblende 3.7 8.1 x 10 8 0.07 0.93

6 Pitchblende 45.4 2.0 x 1010 0.03 0.97

Note: Spontaneous fission 1291 calculated on assumption that Y129 . 3
X 10-4 and Xmo = 8.5 x 10-17/yr. Also assumed that the
mineral is siifficiently old to have attained a steady-state con-
centration of 1281, that this isotope was completely retained
by the mineral( and that the mineral has not been contaminated by
technological 1291.

Data Source: Brauer and Strebin (1982)
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The ratio of induced to total fissions is also sensitive to the

method of calculation used. The highest ratios are calculated from the

buildup of stable fission products such as xenon and krypton in old ores

because they represent an average over the entire geological life of the

mineral and thus take into account that the initial 235U content of

uranium was much greater (about 6%) 10 9 years ago. Much lower ratios

are calculated from steady-state concentrations of activation and fis-

sion products such as 36C1 or 90Sr because they represent averages over

limited time intervals. Using these different approaches on Katanga

pitchblende from the Belgian Congo (500 million years old, 65% U30 8),

the ratio of induced to total fissions was found to range from 20% on

the basis of 2 8-year 90Sr to 30% on the basis of xenon isotopes (Table

9). Alternatively, the ratio could be estimated on a theoretical basis

by calculating total neutron flux and the proportion captured by 235U on

the basis of elemental abundances in the ore and neutron-capture

cross-sections (Feige, Oltman, and Kastner, 1968).

Because the fission yield of 1291 from neutron-induced fission

is about 30 times greater than the yield from spontaneous fission (Table

7), the former mechanism can contribute more than 90% of the total 1291

or decay-product 129Xe produced in the ore (Table 8, Figure 5).

Macnamara and Thode (1950) incorrectly assumed 235U fission to be negli-

gible in their pitchblende sample and, consequently, their estimate of

spontaneous fission yield (0.08 ) is excessively high. The value: 

adopted in this study is that recommended by Sabu (1971) in his review

of this problem, 0.03%. However, the possibility that the actual yield
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Table 9. Induced and Spontaneous Fissions in Belgian Congo Pitchblende

Isotopes Used	 Isotope	 Proportion of Total U Fissions From Ref.
to Estimate	 Half-life	 Spont. Fission	 Induced Fission
Proportions	 of 238e 	of 235U

' 90Sr	 28 years	 0.80	 0.20	 (1)

36C1	 301,000 yr	 0.75	 0.25	 (3)

83,84, 86Kr	 Stable	 0.75	 0.25	 (2)

131,132,134xe	 Stable	 0.70	 0.30	 (2)

References: (1) Arino and Kuroda (1968)
(2)Attrep, Tasa and Sherwood (1977), reporting results

from Fleming and Thode (1953), Wetherill (1953), and
Young and Thode (1960)

(3)Kenna and Kuroda (1960)



3.0

0.8

0.6
129 Xe

0.4

0.2

1.0 
131 Xe

0.0

132Xe

3.05 5.0 5.5 6.0 6.5 7.0 7.5 8.0

134 Xe

Figure 5. Correlation of the Fission Yields of Xenon Isotopes in
Uranium Minerals (Sabu, 1971).
Thermal-neutron fission of 235U contributes to abundances
of these isotopes and the plotted lines can be considered
as mixing lines joining two pure components, 238U sponta-
neous fission on the left and 235U induced fission on the
right.

48

2.0

0.0

4.0



49

may be lower than this and possibly even zero should be noted because no

one has measured 1291 in a sample devoid of 235U.

Whether or not neutron-induced fission of 238U is a significant

source of 1291 in any natural sample has yet to be shown. Young and

Thode (1960) proposed that this mechanism accounted for 0 to 6% of the

fissions in pitchblende and uraninite samples, but also had assumed that

spontaneous fission yield of 1291 was nearly zero. The thermal-neutron

induced fission yield of 239Pu is 1.5% for mass 129 (Walker, Kirouac,

and Rourke, 1977), but this source is assumed to be negligible in

nature. The production of 1291 by cosmic-ray muons acting on tellurium

ores has also been postulated (Takagi, Hampel, and Kirsten, 1974) but

would be negligible on a global scale.

Bstimated Lithosphere Production. Based on the adopted con-

stants for Xspo and Y129, one can calculate the rate at which 1291 is

released to the terrestrial environment by volcanism, surface weathering

of rocks, and production in the oceans. The rate of production in the

oceans, ro, is given by (Kohman and Edwards, 1966):

ro =	 Cu NA Xplo Y129 / au
	 (4)

where VO = volume of the oceans (1.37 x 10 24 cm3)

Cu = uranium concentration of the oceans (3 x 10-9 g/cm3 )

au = molecular weight of uranium (238 g/mole)

This calculation indicates a production rate of 2.7 x 10 17 atams/yr, or

a steady-state inventory of 6.2 x 1024 atoms.
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The rate of release from weathering surface rocks, rw, is

estimated on the assumption that the 1291 in the rocks is at steady

state with respect to the average concentration of uranium found in the

earth's crust (Kohman and Edwards, 1966):

rw = r 	NAu	 Asp Y129 L129 / (au Al29)
	

(5)

where r 	rate of rock weathering (2.0 x 10 15 g/yr)

fu = fractional concentration of uranium in earth's crust

(2.7 x 10-6 g/g)

L129 = fractional leaching efficiency for 1291 (assumed to

be 0.5)

The production rate thus calculated is 4.1 x 1018 atoms/yr, or a

steady-state contribution of 9.5 x 10 25 atoms to the terrestrial inven-

tory.

Release by volcanic activity, r v, is estimated on the assumption

that the ratio 1291/1 of the released iodine is the same as that in an

average crustal rock at steady-state (Kohman and Edwards, 1966):

rv = rI fu NA Asp Y129 / (au fi Al29)
	

(6)

where r I = rate of iodine release by volcanic processes

(1.2 x 10 9 g/yr)

fI = fractional concentration of iodine in average

crustal rock (2 x 10-7 g/g)

The production rate is roughly 2.5 x 10 19 atoms/yr, or 5.7 x 1026 atoms

at steady state.
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3.1.3 Terrestrial Inventory and
Global Steady-State Ratio

Steady-state contributions are summarized in Table 10.

Comparison with the inventory of iodine in the hydrosphere (Table 3)

indicates a steady-state ratio between 3 x 10-13 and 3 x 10-12, depend-

ing upon the extent to which iodine in recent marine sediments can be

considered to be actively mixing with iodine in the ocean. Given the

large fluxes between these two reservoirs, it seems reasonable to

include at least some proportion of this iodine, which may constitute as

much as 92% of the actively-mixing hydrosphere reservoir. Arbitrarily

assuming that about half of the sediment reservoir is actively exchang-

ing with the 1291 inventory in solution results in a predicted ratio of

5.5 x 10-13 . In Table 11, this range of estimated ratios is compared to

other estimates cited in the literature.

The ratios reported for the thyroid sample, minerals, and brines

in Table 11 may not be valid estimates of the global steady-state ratio.

The ratios measured by neutron activation were at the detection limit of

that method and thus should be considered as upper limits for the

steady-state ratio. In addition, a careful evaluation of assumptions

about age, source, and geologic history of each brine and mineral sample

is needed in order to verify: (a) a marine origin for the iodine, (b)

the time at which the iodine became isolated from the marine inventory,

and (c) the absence of other subsurface sources for either isotope. The

importance of such an evaluation is illustrated by the iodyrite sample

from Broken Hill, Australia (Table 11). Analytical measurements

obtained by Srinivasan, Alexander, and Manuel (1971) and Hennecke and
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Table 10. Natural Production of Iodine-129 in the Hydrosphere
Reservoir

Source of 1291
	

Steady-state Contribution
to Reservoir (a)

Atoms	 % of Total

PRODUCTION IN UPPER ATMOSPHERE

Cosmic-ray production 550 x 1024 45

Solar-wind production 9 x 1024 1

SURFACE PRODUCTION BY
SPONTANEOUS FISSION OF 238u

Production in oceans 6 x 1024 1

Release from weathering
rocks

95 x 1024 8

Release by volcanic
activity

570 x 1024 46

TOTAL HYDROSPHERE
INVENTORY OF 1291 1.2 x 1027 100

TOTAL MARINE INVENTORY
OF STABLE IODINE (b)

Ocean 3.9 x 1038
Recent marine sediments 3.6 x 1039

STEADY-STATE RATIO 129I/I
FOR HYDROSPHERE RESERVOIR (c) 3 x 10-13 to 3 x 10-12

(a)Modified from calculations by Kohman and Edwards (1966)

(b)Data from Table 3

(c) Range of ratios based on inclusion of either all or none of
recent marine sediments in calculations
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Table 11. Estimates of the Pre-Bomb Equilibrium Ratio in the
Hydrosphere Reservoir

Equilibrium Ratio	 Sample Description
	 Reference

(Decay-Corrected)

THEORETICAL CALCULATIONS

3.5 x 10-14
2.2 x 10-12

1-10 x 10-13
3-30 x 10-13

MODERN GROUND WATER

Edwards (1962)
Edwards and Rey (1968)
Burger (1980)
This work

	5.6 x 10-13 (t)	 Recharge water,	 This work
Great Artesian Basin,
Australia (<20,000 yr)

BIOLOGICAL SAMPLE

4 x 10-11 (n)	 Pre-1936 human thyroid Edwards and Rey (1968)

BRINE AND MINERAL SAMPLES

0.5-2 x 10-11 (n) Pliocene brine (<13 my) Edwards and Rey (1968)
4 x 10-12 (n) Pre-1942 1205 Edwards and Rey (1968)
2 x 10-12 (n) Pre-1954 Iodine Edwards and Rey (1968)
5 x 10-12 (n) Chile nitrate (1954) Edwards and Rey (1968)
3 x	 (x) Marshite (Cul), Chile Hennecke and Manuel (1977)

2-3 x 10-15 (x) Iodyrite (AgI), Austr. Srinivasan, Alexander, and
Manuel (1971)

0.1-1 x 10-13 (x) Iodyrite (AgI), Austr. Hennecke and Manuel (1977)

Method of Detection used:

(n) Iodine isotopes measured by neutron activation analysis with
detection limit of 10-12 (expressed as ratio 129I/I)

(t) Iodine isotopes measured by tandem accelerator mass spectrometry
with detection limit of 10-13

(x) 1291/1 calculated on basis of xenon isotopic composition,
assumed neutron flux, and assumed mineral age



54

Manuel (1977) were similar, but the first study estimated a mineral age

of 68 million years while the second assumed 400 million years. The

steady-state isotopic ratios computed in these studies thus differ by

more than an order of magnitude.

3.2 Circulation in the Geosphere 

3.2.1 Distribution in Principal Reservoirs

Assuming steady state, complete mixing, and no fractionation

between the two isotopes, the geochemical model developed for stable

iodine can be used to derive the distribution of 1291 in the geosphere

and to estimate the extent to which the steady-state ratio will vary on

a global scale. For a linear compartment model, the change of 1291 with

time in compartment i is given by the balance of transfers into i and

out of i, and decay and production within i (Kocher, 1981):

d (Y' i) / dt =	 (kiji Y'j) -	 (k'ij Y'i) -	 + P'i(t)
Ji 	ii

(7)

where Y'i = steady-state inventory of 1291 in compartment i

k'.. = fractional transfer coefficient for transfer of 129113

from compartment i to j

A = decay constant for 1291 (4.3 x 10-8/yr)

P'i(t) = production rate of 1291 within compartment i

n = total number of global compartments

At steady state, dY 1 i/dt is zero and P'i(t) is a constant, P'i. A set

of n linear equations with n unknowns Y' i can be set up, of the form:
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Y l i	 [ 1 (klji Ylj) + Pli] /[2k +	 klij]
j*i	 jOi

	 (8)

The fractional transfer coefficients for 1291, k l ij, are assumed to be

the same as the coefficients for stable iodine, kij, because by substi-

tution of definitions:

k'ij = P'ij / Y'i	 (9)

= [F l ij/Ri] / [Yli/Ri]

= Fij / yi

= kij

where Fiji = flux of 1291 from compartment i to j

Fij flux of stable iodine from compartment i to j

Ri steady-state ratio 1291/1 in compartment i

Yi = steady-state inventory of stable iodine in compartment i

Equation (8) can also be written to solve for the steady-state ratio Ri

in each compartment i by substituting Y li Ri Yi. The n equations are

given by:

Ri	[	 (kji yj Rj) + Pli ] /[( 1 kij + A) Yi]
jOi	 jOi

(10)

= L .

 (Fji Pi) + Pli ] /[	 Fii + Yi x]

	

iSi	 jOi

Total iodine inventories Yi and fluxes Fij were presented in

Tables 3 and 4. Production rates Pli are tabulated in Table 12; these
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Table 12. Estimated Production of Iodine-129 within Geosphere
Compartments

Contoartrnent
(1)

Total Mass
(g)

(2)
Adopted

Concentration
of U (pin)

(3)
Production of 1291
within Compartment

(g/yr)

1.Ocean 3.7 x 10-3 (4)
atmosphere

2. Land 1.5 x 10-3 (4)
atmosphere

3.Ocean
mixed layer 2.8 x 1022 3 x 10-3 1.2 x 10-6

4.Surface soil 2.1 x 1020

5.Terrestrial
biosphere 1 x 1018

6.Deep ocean 1.3 x 1024 3 x 10-3 5.4 x 10-5

7. Recent ocean
sediments 1.5 x 1022 2.7 5.6 x 10-4

8.Shallow
ground water 4.7 x 1021 1.5 x 10-3 9.7 x 10-8

9.Deep
ground water 3.7 x 1021 <1.5 x 10-3 <7.6 x 10-8

10.Sediments 2.5 x 1024 2.7 9.3 x 10-2

11. Igneous 6.0 x 1025 2.7 2.2
activity

Notes on Methods of Calculation:

(1)Compartment masses from Table 3

(2)References for uranium concentrations: ocean (Kohman and Edwards,
1966); ground water (Davis and DeWiest, 1966); crustal rocks and
sediments (Kohman and Edwards, 1966). Production due to uranium
fission in atmosphere, soil, and biosphere assumed to be
negligible.



Table 12—Continued 

(3)1291 production based on Xsio IT 8.5 x 10-17/yr (DeCarvalho et
al., 1982) and Y129 = 3 x 10-g (Sabu, 1971)

(4)Total atmospheric production (Kohman and Edwards, 1966)
apportioned to atmospheric compartments on basis of relative
ocean and land areas.
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rates are generally negligible relative to other fluxes into a given

compartment except for land atmosphere and igneous rocks compartments

(based on the assumption that the ratio is of the order of 10-13 to

10-12). Similarly, loss due to decay within a given compartment is

negligible with respect to other fluxes out of the compartment except

for sediments and igneous rocks.

Simultaneous solution of the equations for compartment ratios Ri

relative to that of the deep ocean indicates no variation of the ratio

among ocean and marine atmosphere compartments (Table 13). Ratios in

land atmosphere, soil, and biosphere compartments are likewise equal to

one another but slightly higher than the marine ratio. The average iso-

tope ratio in recent marine sediments is predicted to be slightly lower

than that in ocean water. Given an analytical Sensitivity of ± 10%,

differences among these global reservoirs should not be detectable.

If the global average calculated in Section 3.1.3 (5.5 x 10 -13 )

is assumed to represent a weighted average of ocean and marine sediment

compartments, then the deep ocean ratio would be about 6.4 x 10-13 .

Based on this value, the model indicates a range in compartment ratios

from 4.5 x 10-13 to 6.5 x 10-13 in actively exchanging compartments,

with deep ground water gradually taking on the same value as the sedi-

ments with which it is associated (Table 13). The ratio in igneous

rocks is unaffected by that of any other reservoir and is predicted to

be 4.3 x 10-12. The compartment ratios in Table 13 were used together

with global inventories and fluxes of stable iodine (Tables 3 and 4)

in order to derive the global 1291 inventories and fluxes shown in Fig-

ure 6.
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Table 13. Predicted Steady-state 129I/I Ratios in Geosphere
Compartments

Compartment Ratio Relative to
Deep Ocean Ratio R6

Calculated
Ratio*

(x 10-13 )

Percent
Deviation

from R6

1.Marine
atmosphere 1.00 R6 6.4 0

2.Land
atmosphere 0.99 R6 + (1.3 x 10-14) 6.5 +	 2

3.Ocean
mixed layer 1.00 R6 6.4 0

4.Surface soil 0.99 R6 + (1.3 x 10-14) 6.5 +	 2

5.Terrestrial
biosphere 0.99 R6 + (1.3 x 10-14) 6.5 +	 2

6.Deep ocean 1.00 P6 6.4 0

7. Recent marine
sediments 0.85 R6 5.4 -16

8.Shallow
ground water 0.55 R6 + (2.0 x 10-13 ) 5.5 - 14

9. Deep
ground water 0.11 R6 + (3.8 x 10 -13 ) 4.5 - 30

10. Sediments 0.08 R6 + (3.9 x 10-13 ) 4.4 - 31

11. Igneous
activity 4.3 x 10-12 43. +542

*Calculated on assumption that R6 = 6.4 x 10-13
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Figure 6. Global Inventories and Fluxes for Iodine-129 at Steady State.
Inventories in grams, fluxes in grams/year. Based on 1291/1
ratio for deep ocean, 6.4 x 10-13 , and data in Tables 1-4.
Production and decay rates for 1291 within each compartment
are not shown but have been taken into account.
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3.2.2 Expected Variability in the Subsurface

The model suggests that the 1291 input function (expressed as an

isotopic ratio) is constant for recharge water, regardless of location.

However, once recharged to an aquifer or otherwise isolated from the

surface, changes to the initial equilibrium ratio will generally be

quite site-specific and can be expressed by:

Rs(tw) = C129(tw) / Cs

where Rs (tw) 1291/1 ratio of ground water as a function of tw

tw age of ground water, e.g., time since recharge

C129(tw) 1291 concentration in ground water as a function

of tw

Cs = concentration of total iodine in ground water

In general, the concentration of 1291 in ground water as a func-

tion of age C129(t) will be determined by the relative contributions of

this isotope from three sources: recharged water, iodine leached from

the host formation, and subsurface production by uranium decay within

the host formation:

C129(tw) = CiRi exp( -Xtw) + (Cs -Ci)Rf exp( -Atf)

vuw (lo3)/e	 (12)

where Ci total concentration of iodine in recharge water (atoms/1)

Ri = isotopic ratio in recharge water

Rf = initial isotopic ratio of iodine in host formation

tf = age of host formation (yr)
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pt = 1291 production rate in host formation (atoms/cm3/yr)

L = leaching efficiency for 1291 produced in the subsurface

6 = porosity

Radioactive decay of 1291 in recharged precipitation will slowly

decrease the contribution from the first source. In the special case

where this process could be assumed to be the only one acting on the

iodine isotopes--that is, a single source, single sink system—residence

time tw in the subsurface could be simply calculated from:

tw = - In (Rs/RI) / A (13)

In this case, a 10% reduction in the ratio would be seen after 2.4 mil-

lion years. The age-dating limit for this simple system would be nearly

10 8 years, based on a detection limit of Rs = 10-14 and an initial

recharge ratio Ri = 6.5 x 10 -13 .

More often, however, total iodine concentrations increase with

ground-water age due to leaching from the host formation. The isotopic

signature of this second 1291 source will be a function of lithology and

formation age. Formations that are significant subsurface sources of

iodine are usually marine or biogenic (e.g., coal or peat) in origin so

'that their initial isotopic ratio can often be assumed to be the same as

that of recharge water. Then the overall ground-water ratio will

increasingly reflect the age of the formation rather than that of the

water.

Finally, in old formations, the contribution of 1291 produced by

uranium fission could become significant. If fission-product release



63

is at least slightly efficient, a measurable increase in 1291 concentra-

tion could result from the presence of even background uranium

concentrations in the rock or sediment. The net production rate P' of

1291 atoms per unit volume of rock is found by solving the expression:

P' = d N129 / dt	 (14)

= [ u NA Xsp Y129 Pg ( 1 - e) / au ) — N129 X

where N129 = concentration of 1291 in unit bulk volume of

rock (atoms/cm3 )

fu = fractional concentration of uranium in rock (g/g)

Xsp = spontaneous fission decay constant (8.5 x 10-17/yr)

Y129 = spontaneous fission Yield at mass 129 (3 x 10-4 )

NA = Avogadro's number (6.02 x 1023 atoms/mole)

pg = grain density (g/cm3 )

e = porosity

au = molecular weight of 238U (238 g/mole)

x = decay constant for 1291 (4.3 x 10-8/yr)

The first term on the right-hand side expresses the rate of production

of 1291 per unit bulk volume of rock, while the second term expresses

the rate of decay. The solution to this differential equation, assuming

that 1291 content is zero at t = 0, is given by:

N129(t) =

E fu NA Xsp Y129 Pg ( 1 - 0 ) / Xau ] [ 1 - exp(- Xt)]	 (15)
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The saturation or steady-state 1291 content in the rock, assuming no

losses by diffusion or mass transport, is expressed by:

N129(sat) = gT N129(t)	 (16)

= fu NA Asp Y129 Pg (1 — 6) / E XaU

Table 14 presents calculated steady-state levels of 1291 and

1291/1 ratios for different rock types based on typical uranium and io-

dine concentrations. A marine shale would be expected to have the

highest 1291 content of those rocks considered, with the opposite

extreme represented by halite. Because uranium and total iodine con-

tents are not directly correlated with one another, a correlation does

not exist between steady-state 1291 levels and the isotopic ratio.

Granite would be expected to exhibit the highest equilibrium ratio, with

halite and marine limestones more than two orders of magnitude lower.

As an illustration of the relative importance of these sources,

consider ground water flowing through a Jurassic sandstone aquifer (tf >

1.4 x 10 8 yr) with porosity and uranium concentrations as assumed in

Table 14. Additional assumptions are made that: (a) the recharge ratio

R. is 6.5 x 10-13 , (h) iodine concentration in the recharge water C • isi

3 pg/1, (c) the age of the water tw at the sampling point is 106 years,

(d) the iodine concentration Cs at this point is 10 1.ig/1, and (e) leach-

ing efficiency L is 10-

due to subsurface production, from 9240 atoms/1 in the recharged water

to 15,550 atoms/1 in the down-gradient sample. However, because "dead"

iodine in this example is leached from the Jurassic formation with

2. The 1291 concentration will thus increase 68%
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Table 14. Calculated Production Rates and Steady-State Concentrations
of Iodine-129 in Different Rocks

Type of rock
Assumed properties Calulated Values

pg

g/
crn3

0

%

f u

ppm

f i

ppm

P	 RatioN129

atoms/	 atoms/	 1291/1
cm3-My	 cm3	 x10-14

Marine black
shale

2.6 10 20 10 3000 70,000 63

Argillaceous
shale

2.6 10 4 10 600 14,000 13

Granite 2.7 1 3 0.2 520 12,000 470

Marine
limestone

2.8 5 2 20 340 8,000 3

Sandstone 2.6 20 1 0.1 130 3,100 320

Basalt 3.0 10 1 0.2 170 4,000 160

Halite 2.2 1 0.01 0.1* 1 30 3

Column headings: p grain density; 0, porosity; fv, fractional
concentration of ur ium; fi, fractional concentration of iodine;
P, production rate of Iodine-129; N129 , concentration of
Iodine-129 in rock.

*Calcuations based on Xsn, 8.5 x 10-17/yr (DeCarvalho et al., 1982);
X129, 4.3 x 10-8 (Emeryget al., 1972); and Y129 , 0.03% (Sabu, 1971).
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greater efficiency than is 1291 produced in situ, the sample ratio will

decrease 49%, to 3.3 x 10-13 . If the aquifer were late Miocene (e.g.,

tf 107 yr), then subsurface production would be masked by the 1291

content of the leached iodine. Assuming an initial ratio in the forma-

tion Rf, of 6.5 x 10-13 , the contribution from the formation would be

13,990 atoms/1. The observed 1291 concentration would thus be 29,540

atoms/1, with a ratio of 6.2 x 10-13 .

This example serves to illustrate a few of the uncertain but

crucial aspects of the subsurface behavior of the two iodine isotopes.

Interpretation of measured levels will require reasonable estimates to

be made of the relative importance of possible sources of 1291 and io-

dine. The most difficult process to quantify is that of subsurface pro-

duction and release to pore fluids. Controlling factors are the

distribution of uranium within the formation, particularly with respect

to pores, and the diffusion constant for the 1291 atom in a particular

medium. Given the retention of decay product 129Xe in uranium ores, the

release of 1291 may be controlled by the dissolution rate for uranium.

This value is estimated to be K 10-6 fraction per year for mineable

uranium ore bodies (Waste Isolation Systems Panel, 1983). One would

expect the rate to be even slower under highly reducing conditions typi-

cal of old ground waters. An additional complication is that all of the

controlling factors may vary spatially and temporally.



CHAPTER 4

ANALYTICAL METHODS

4.1 Measurement of Iodine in Water 

Iodine concentrations in water samples collected for this study

were measured at the Department of Hydrology and Water Resources,

University of Arizona, by the ceric-arsenious acid oxidation-reduction

method (Skougstad et al. (1979), Method I-2371-78). In order to correct

for chloride interference, iodine-free NaC1 was added to all samples and

standards to the extent necessary to bring each to the same chloride

concentration (Lloyd et al., 1982). The calibration range used was 2 to

50 pg/1 and samples were diluted until they fell within this range.

4.2 Extraction of Iodine from Water Samples 

The determination of 1291 in water requires the isolation of

about ten milligrams of iodine. The procedure for extraction of iodine

from fresh ground water is fairly straightforward when the element is

present in its reduced state because iodide sorbs strongly onto

anion-exchange resin. Thus it can be collected from fresh ground water

by pumping water through a resin bed such as that used by Brauer and

Rieck (1973). The resin used for this study was 100 to 200 mesh Dowex

1-X8 in bisulfate form. When an adequate quantity of iodide had been

collected, it was oxidized with bleach and eluted from the resin as per-

iodate. After acidification of the solution, purification and

precipitation of the iodine as AgI followed Procedure 15 in Kleinberg
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and Cowan (1960). The efficiency of each step of the procedure was

evaluated in a laboratory test using eight-day 1311 as a tracer. The

results are shown in Figure 7. Overall recovery was about 75%, with

most losses occurring when the oxidation state of the iodine was being

changed. Minor modifications of the laboratory technique were made to

reduce these losses.

Extraction of iodide from brines is also straightforward if the

concentration is fairly high (e.g., above 5 mg/1). Iodide is readily

oxidized to neutral iodine by a nitrite salt in acid solution and can

then be extracted and purified according to Kleinberg and Cowan (1960).

Chemical yields in this study ranged from 59 to 99%. Brines with very

low iodide levels were diluted with blank iodide in order to recover

sufficient quantities for isotopic analysis. The iodine used for the

dilution was a scientific sample provided by S. Bergman Mow Chemical

Company, Midland, MI). This iodine was derived from Devonian salt de-

posits in Michigan and contained no measurable 1291 at present levels of

detection.

4.3 Measurement of Iodine-129 Content 

The conventional method of analysis for 1291 is neutron activa-

tion. However, this method is limited by low sensitivity for low

isotopic ratios and also requires extensive chemical processing of sam-

ples to remove interferences (Brauer and Kaye, 1974). Because of these

difficulties, mass-spectrometric methods are preferred. Great advances

have been made in increasing the sensitivity and precision of these

instruments in recent years (Elmore et al., 1980; Stoffels, 1982). In
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1311 spike  Fresh water sample
40 ppb I- , 100 ppm Cl- ,

46 ppm SO4-             

CUMULATIVE RECOVERY	 LOSSES
AFTER EACH 81hP

Loading on anion exchange
resin at 18 ml/min/cm2

77.1%

99.6%

88.8%

86.2 %

Oxidation with bleach
Elution from resin as IC)4-

Acidification, reduction
to 12 with NH2011-11C1,
extraction into CC14

Reduction to I- with NaHS03,
extraction into aqueous soin

Precipitation as AgI

0.4 % in
effluent

5.8 % remaining
on resin

5.4 % other losses
(volatilized,
adsorbed onto
container)

0.7 % in aqueous
soin

1.8 % other losses

1.0 % in CC1 A
8.1 % other losses

74.6 %	 0.0 % in solution
2.5 % other losses

Figure 7. Efficiency of the Procedure for Isolating Iodine from Fresh
Water. Results reported as per cent of original activity
in feed solution, corrected for losses due to decay and
removal of sample for counting.
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this study, the 1291/1 ratio of the samples was measured on a tandem

accelerator mass spectrometer using a time-of-flight detector to distin-

guish 1291 ions from 1271 ions not separated by the mass analysis system

(Elmore et al:, 1980). The limit of detection was a ratio of 1 x 10-13 ,

at which level the presence of 1291 was obscured by a tail of the 1271

peak. The lowest level sample at the 10% level of significance con-

tained 107 atoms 1291 in 20 mg AgI, or a ratio of 8 x 10-13. The

installation of an improved injector system and other instrument modifi-

cations are expected to improve mass resolution by an order of magnitude

or more.

Raw data for estimates of the isotopic ratio generally consist

of two to four sequences of measurements, with each sequence containing

two to four individual runs. A final estimate of the ratio and associ-

ated error bar is obtained after averaging the results of each sequence,

correcting these initial means for instrument background or interference

from the 1271 peak, normalizing them to the standard, and averaging

together the corrected means for all sequences of a given sample. The

standard was prepared by K. Nishiizumi (Department of Chemistry, Univer-

sity of California, San Diego), by diluting NBS standard reference

material 49498 with reagent NaI to a calculated ratio of 5.04 x 10-11 .

Details of the correction procedure are cited in Elmore et al. (1984).

The raw data are presented in Appendix A.



CHAPTER 5

IODINE-129 IN THE HYDROLOGIC CYCLE: FIELD STUDIES

The behavior of natural 1291 in ground water was evaluated in

two field studies. Extensive information is available in the literature

concerning the geology, hydrology, and geochemistry of both sites. This

wealth of information provides means for identifying possible control-

ling factors and interpreting results in light of alternative hypotheses

about system dynamics and evolution of water chemistry.

The first study investigated iodine isotopes in samples collect-

ed along two flowlines in the Great Artesian Basin (GAB) aquifer,

Australia. The ground water is too young to have undergone significant

decay of the atmospheric component of total 1291 concentrations, and the

host formation is so old that its initial 1291 content is extinct.

Changes in 1291 levels down-gradient of the recharge area would thus

reflect either mixing with deeper, older water or else the contribution

of subsurface production as a function of ground-water age. Because the

possibility of mixing was considered to be unlikely throughout most of

the GAB, 1291/1 ratios were expected to be either constant or else

increased relative to initial (recharge) values.

The second field study involved the measurement of iodine iso-

topes in brines collected in and around three Gulf Coast salt dames.

The question investigated was the sources of brine inclusions in salt

domes. Iodine and uranium levels of the host rock (halite) are so low
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as to be unlikely to influence iodine isotope levels. Thus this case

was expected to represent a single-source, single-sink system in which

1291 would be a diagnostic indicator of brine origin and age (time

elapsed since the iodine became isolated from active circulation).

5.1 The Great Artesian Basin. Australia 

5.1.1 Hydrogeology

The immense Great Artesian Basin (GAB) is one of the largest

artesian systems in the world, covering 1.7 x 106 km2. The basin con-

sists of multiple sequences of permeable sandstone aquifers interlayered

with less permeable to impermeable fine-grained formations that act as

confining units (Habermehl, 1980). Recharge to these Mesozoic sediments

occurs mainly along the elevated eastern margin. From this area,

regional ground-water movement is generally west, northwest, and south

(Figure 8).

The suitability of the GAB for investigating the sUbsurtace

behavior of 1291 arises from the accessibility of a large number of

wells for sampling throughout the study area; encompassing a wide range

of ages, as well as from the relatively simple ground-water hydraulics

and geochemistry. Age estimates based on hydraulics indicate a maximum

age of one million years in the western part of the study area (Airey et

al., 1983). Ground-water quality, as indicated by total dissolved

solids, is fairly uniform (500 to 1000 mg/1) although anomalously high

salinities of uncertain origin occur locally. Downward leakage from

overlying Cretaceous sediments into Jurassic aquifers is generally con-

sidered negligible because these sediments are under subartesian
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Figure 8. Regional Ground-Water Movement, Great Artesian Basin,
Australia (modified from Habermehl, 1980).
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pressures (Habermehl, 1980). Upward leakage or larger-scale mixing of

waters from older formations occurs along faults and where these older

rocks wedge out against basement rocks along ridges and shelves (Figure

9).

5.1.2 Results of Iodine-129 Analyses

Nine wells tapping the Jurassic Hooray Sandstone were sampled

for 1291 analyses in 1982 (Figure 10). The data (Table 15) fall into

two geographically separate groups, the general characteristics of which

are summarized in Table 16. Group A contains five wells of fairly low

1291 and iodine levels, located in the recharge area and other shallow

parts of the basin with relatively younger and cooler waters. Group B

contains four wells of relatively high 1291 and iodine concentrations,

tapping older waters in deeper, higher-temperature parts of the basin.

These groups are identical to those delineated in Airey et al. (1983) on

the basis of hydrocarbon content of the water: Group B wells are

characterized by much higher methane levels (4 to 51% of total dissolved

gases) than Group A (< 3%).

5.1.3 Discussion

Iodine levels in rain water generally range from < 1 to 15

pg/1 although local chloride data indicate that evapotranspiration can

increase concentrations in recharge waters by several times over that in

rain water (Airey et al., 1983). Thus it seems reasonable to assume

that iodine in ground water collected immediately down-gradient of the

recharge area (GAB 199) is predominantly atmospheric in origin.

Furthermore, uranium levels in the water and sandstone in this area, as
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Figure 9. Sedimentary Sub-Basins, Intermediate Ridges, and Diagrammatic
Sections across the Great Artesian Basin (modified from
Australian Water Resources Council, 1975; Exon and Senior,
1976).
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Table 15. Iodine-129 Results and Other Characteristics of Ground-
Water Samples, Great Artesian Basin

Sample characteristics	 Iodine-129 analyses

Sample	 Water
number	 age

10 3 yr.

C.

pg/1

Depth
**

m

Water
temp.

°C

Ratio
1291/I
x10-13

N129 ***

105 atoms/
liter

Group A wells

GAB 199	 20 17 110 32 5.7 ± 11% 0.5
GAB 198	 70 39 160 27 5.5 ± 22% 1.0
GAB 169	 180 70 430 43 8.3 ± 13% 2.7
GAB 184	 250 51 380 46 4.2 ± 13% 1.0
GAB 181	 500 17 330 42 8.3 ± 10% 0.7

Group B wells

GAB 172	 300 75 1240 91 71.	 ± 10% 25.
GAB 176	 600 565 870 66 6.4 ± 15% 17.
GAB 179	 600 45 780 73 13.	 ± 24% 2.8
GAB 177	 1000 210 1400 86 9.2 ± 10% 9.0

C., iodine concentration

** Depth to top of aquifer reported in or estimated from data in Exon
(1970), Galloway (1970a, 1970b), Ingram (1971, 1972), Senior (1968,
1970, 1971), Senior, Nbnd, and Harrison (1978), and Thomas (1971a,
1971b).

*** N129' iodine-129 
concentration
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Table 16. Group Characteristics of Ground-water Samples, Great
Artesian Basin

Characteristic	 Unit of	 Group Average (Observed Range)
Measurement	 Group A	 Group B

Water age	 103 yr	 230 (20 - 500)	 625 (300 - 1000)

Depth to top
of aquifer	 meters	 280 (110 - 430) 1070 pap - 1400)

Formation
temperature	 oc	 38 (27 - 46)	 79 (66 - 91)

Iodine
concentration 	 pg/1	 40 (17 - 70)	 225 (45 - 565)

1291
concentration	 105 atoms/1	 1 (0.5 - 3)	 13	 (3 - 25)

CH4 content	 % of total	 (K 3)	 (4 - 51)
(Airey et al.,	 dissolved
1983)	 gas
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reported by Airey et al. (1983), are so law as to be negligible as

sources of 1291. Sample GAB 199 thus provides an estimate of the pre-

bomb atmospheric equilibrium ratio, 5.7 x 10-13 . The ratio falls within

the range predicted in Section 3.1.3 as the ratio between the global

inventories of 1291 and stable iodine actively participating in the ter-

restrial iodine reservoir, 3 x 10-13 and 3 x 10-12 . By coincidence, it

is also close to the values predicted for the atmospheric compartments

by the geochemical model, 6.4 x 10-13 and 6.5 x 10-13 , based on the

somewhat arbitrary assumption that half of the iodine in recent marine

sediments is considered to be actively exchanging with the rest of the

hydrospheric inventory.

Down-gradient of the recharge area, in Group A samples from the

eastern part of the study area, 1291 concentrations increase by a factor

of five. A peak value is observed in water which has been dated at

between 1 x 105 and 2 x 105 years, after which 1291 levels decline near-

ly to the initial concentration (Figure 11a). Iodine Concentrations

show roughly the same pattern although with greater detail (Figure 11b)

(data in Appendix B). The correlation between ground-water ages based

on hydrodynamics and those based on the decay of atmospheric 36C1 (Bent-

ley, Phillips, and Davis, 1984) argues against significant variations in

cosmic-ray production of 1291 as the cause of variations in the ground

water. However, two other hypotheses are proposed that would reproduce

the observed pattern. The first assumes that iodine input is constant

in recharge water and down-gradient increases are due to leaching of

inorganic iodine from aquifer mineral surfaces or release following

decomposition of organic matter deposited with the sediments. This
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iodine will have a different ratio than the atmospheric source,

presumedly a higher one on the basis of sample GAB 169 (Figure 11c).

Because any 1291 originally deposited with Jurassic sediments would have

decayed to negligible levels, increasing 1291 ratios and concentrations

must reflect subsurface production from low levels of uranium in the

sediments.

Also according to this first hypothesis, a major decrease in

iodine concentrations, as observed at wells GAB 184 and 181, can only be

explained by assuming that either: (a) the wells are not on the same

flowline as GAB 169, or else (b) large-scale mixing of waters of dif-

ferent chemistry is taking place. Indeed, the latter process has been

postulated for this locality by Senior, Exon, and Burger (1975). Fresh

waters from older fluviatile sandstones are believed to be gradually

forced up along sloping basement rocks of the Cunnamulla Shelf, to min-

gle with waters in the overlying Hooray Sandstone of marine origin

(Figure 12). The deeper waters contain roughly half the dissolved

solids content of the overlying waters, as one might expect based on the

different origin of the sandstone aquifers. The lack of a trend in

1291/1 ratios for older waters of Group A (GAB 184 and 181) would indi-

cate that iodine isotopes are not flushed from the two formations with

equal efficiencies.

An alternative interpretation of the data has been offered by

Airey et al. (1979), who found that concentration curves for the major

ionic species in the ground water (Na, Cl, H(D3) correlated with aspects

of the paleoclimate. Minimum and maximum concentrations corresponded to

the last glacial and interglacial periods, respectively. The iodine
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curve (Figure 11b) approximately parallels these ionic variations.

Thus, assuming that iodine is a conservative tracer with no subsurface

sources or sinks, variations in iodine and 1291 levels with hydraulic

age would have to be attributed to climate-dependent processes in the

recharge area. Such processes could include the evaporation rate of

iodine from the ocean, rate and efficiency of iodine removal by atmo-

spheric washout, and recycling of salts accumulated in soils during arid

regimes.

Given the long half-life of 1291, recycling of salt would not be

expected to cause the recharge ratio to vary. The other processes could

conceivably affect the ratio by controlling the degree of dilution of

cosmic-ray produced 1291 by marine iodine. However, unlike the

equivalent case of 36C1, iodine in marine spray is not devoid of 1291 •

To the contrary, 1291 of marine origin is by far the dominant source of

this isotope in the atmosphere and is expected to be a highly effective

buffer against any fluctuations in the cosmic-ray contribution. This

dominance is expected to hold true regardless of climatic changes and is

thus a primary argument against the paleoclimate hypothesis as an expla-

nation for the 1291 variations.

Although the processes controlling the water chemistry of Group

A wells are still under discussion, subsurface sources of iodine and

1291 are almost certainly present in Group B waters. Accumulations of

natural gas and iodine in the ground water (particularly GAB 176 and GAB

177) are characteristic indicators of nearly stagnant waters and the

presence of petroleum-generating organic matter. This part of the basin

contains hydrocarbon source rocks throughout the Jurassic-Cretaceous
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sequence. Both the Hooray Sandstone and the underlying Injune Creek

Group contain interbeds of carbonaceous siltstone and mudstone and minor

seams of coal (Senior and Habermehl, 1980), all of which are commonly

enriched in iodine and are possible sources of the high methane and

iodine levels. The propensity of uranium to sorb onto organic matter

could conceivably cause enrichment of this element in the carbonaceous

interbeds, which show up as relatively high gamma-ray emitters on

well-logs (e.g., see logs in Exon and Senior, 1976). These interbeds

are thus likely sources of 1291 as well.

For the sample collected near Adavale (GAB 172), an alternative

hypothesis has been proposed to explain the high 1291 content and ratio

(Airey, 1984, personal communication). The values determined for this

sample are by far the highest of all the GAB results. Several other

unique characteristics have been noted about this sample: (a) the -

36C1/C1 ratio is substantially lower than what would be predicted from

the hydraulic age, (b) an anomalously high thermal gradient is Observed

in the area, (c) some evidence exists that the 4He concentration is

higher than can be attributed to production from the Hooray Sandstone

alone, and (d) the well is located in the vicinity of an extensive fault

zone. On the basis of these observations, the 1291 results may be

explained by the upwelling of water from lower Permian formations.

In summary, the most important parameters controlling the iodine

isotope levels are those which determine the rate at which constituents

are flushed from the formations. These factors are formation tempera-

ture, mineralogy, presence of organic-rich sediments, ground-water age

and flow rate. A long residence time allows the water to equilibrate
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with the host formation and accumulate fission product 1291. Similarly,

mixing with water from older formations or from formations with higher

uranium contents may also be expected to result in an increased 1291

concentration.

5.2 Gulf Coast Brines, Southern Louisiana 

5.2.1 Hydrogeology

A salt dome offers a seemingly ideal situation in which to test

1291 as a tracer because uranium is practically absent in the salt.

Pockets of brine are occasionally encountered during mining operations,

and the origin and age of the brines are of great concern not only to

mining companies but also to agencies interested in domes for storage of

crude oil or radioactive waste. Extensive interpretation of geology and

geochemistry of brines in Louisiana salt domes has identified several

diagnostic indicators useful for identifying the brines as relatively

young meteoric leaks or as old "trapped" brine inclusions (Table 17).

These studies have shown fairly conclusively that the trapped brines

were incorporated during the domes' growth but no method has been able

to date the time of entrapment with confidence.

The 129
 
I signature of each possible source, together with other

isotopic and geochemical data, is expected to be distinctive. In con-

nate water trapped in the Jurassic mother salt at time of deposition,

the 1291 content would have decayed by three orders of magnitude. At

the other extreme, waters which became incorporated into the salt during

its diapiric rise would be expected to have a considerably higher 1291

ratio and level, the actual value being a function of initial conditions



Generally fast,	 Generally slaw,
constant	 decreases with time

Na-Cl
SO4

Na -Ca -C1
K, Mg, Sr, B

Kumar and
Martinez
(1978)

0.1 ppm	 >> 0.1 ppm
Low	 High

Whittemore et
al. (1981)

Enriched in 1 00On meteoric line

Zero May be slightly
greater than 0,
function of time
since entrapment

FLOW RATE ce
LEAK

GEOCHEMISTRY

Brine type
Enrichment

Iodide
Bromide

ISOTOPES

2H, lpo

36ci

Knauth, Kumar
and Martinez
(1980), Knauth
and Kumar
(1983)

Bentley,
Phillips, and
Davis (1984)
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Table 17. Isotopic and Geochemical Indicators of Brine Sources
in Salt Domes

Indicator
	 Meteoric Leaks	 Trapped Brines
	 Reference

TEMPERATURE
	

Generally cooler
	 Warmer than mean
	 Jacoby (1977,

OF LEAK
	

than mine air,	 annual surface
	 pp. 60-61)

near mean annual
	

temperature
surface temperature

TRACER TESTS Often positive
result indicating
hydraulic connection
with water-table
aquifer

Not feasible  
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in the source formation and the length of time that the iodine has been

isolated from that source. Finally, in waters of modern origin, 1291

and iodine concentrations would be low, reflecting input from recent

sea-water intrusion or from recharged meteoric water modified by

interaction with organic-rich sediments in the area. The ratio would be

that of the prebomb equilibrium level, possibly higher if the water were

recent enough (< 35 years) to have been affected by the bomb pulse.

5.2.2 Results of Iodine-129 Analyses

Ten brine samples were collected in August 1982, representing

three types of sources: known meteoric leaks in Weeks Island and Avery

Island domes, brine inclusions intercepted during mining operations in

those domes, and oil-field brines from Miocene sands adjacent to Weeks

Island and White Castle domes (Figure 13). Geochemical and isotopic

analyses verified the classification of the domal brines as meteoric

leaks or old inclusions according to the qualitative indicators listed

in Table 17 (data and interpretation in Appendix C).

The 1291 data fall into groups according to provenance (Table

18). Trapped brines have the highest 1291 content (27 x 106 atoms/1),

followed by the oil-field brines (9 x 106 atoms/1), with meteoric leaks

containing the lowest concentration (K 3 x 106 atoms/1). In terms of

ratios, the order is switched: meteoric leaks (up to 150 x 10-13 ),

trapped brines (4 x 10-13 ), and oil-field brines (1 x 10-13 ).

5.2.3 Discussion

As expected, 1291 concentrations in the meteoric leaks are very

low relative to those of other brines although still up to an order of
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Table 18. Iodine-129 Results and Other Characteristics of GUlf Coast
Brine Samples

Sample Identification Iodine-129 Results
1291/1 Ratio	 1291 Conc.

x 10-13 	106 atoms/1

Iodine
Conc.

mg/1

Depth*
meters
below
msl

OIL-FIELD BRINES

WC-M122 1.0 * 37 % 10 20 2 105
WC-W141 1.3 * 24 % 12 19 950
WC-W155 < 1.0 < 8 16 2 690
WC-W245 < 1.0 < 7 15 2 020
GU -PC3 1.0 * 65 % 6 13 3 540
GU-PC8 1.4 * 85 % 9 13 3 460

DOMAL BRINE INCLUSIONS

AV-7706 3.9 * 41 % 24 13 270
W1-1GE 4.2	 52 % 30 16 370

METEORIC LEAKS IN DOMES

AV-2A** < 83 < 3 0.07 150

WI-MP** 150 3 0.05 120

*Depths reported in information provided by Shell Oil Company, Gulf
Oil Exploration and Production Company, International Salt Company,
and Morton Salt Company.

**Sample diluted with 1271 in order to recover sufficient quantity
for isotope analysis. Reported ratio has been corrected to reflect
sample ratio prior to dilution.
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magnitude higher than GAB recharge water (5 x 10 4 atoms/1). In addi-

tion, although sample WI-MP contains about the same iodine concentration

as sea-water (0.05 mg/1), its level of 1291 is about 20 times higher

than that expected in the ocean (1.3 x 105 atoms/1, based on an equi-

librium ratio of 5.7 x 10-13). The estimated ratio calculated for undi-

luted sample WI-MP (15 x 10-12) is close to present-day levels in the

area; two marine samples collected in the Caribbean in 1982 had ratios

of 20 x 10-12 and 23 x 10-12 (Burtner, 1983, personal communication).

Thus the meteoric leak in the Weeks Island mine shows evidence of having

been affected by anthropogenic sources of 1291. However, because the

sample was collected from a four-year-old pool and not at the leak

itself, the possibility of contamination from the mine atmosphere cannot

be ruled out. All other samples were collected from active leaks.

The age of the trapped brines can be estimated on the basis of

129I/I ratios. Halite from the domes contains K 0.003 ppm U (based on

analyses of insoluble residues, data in Appendix C) and thus cannot be

contributing a measurable amount of 1291 to the brines. Assuming that

the initial ratio was the same as the GAB recharge ratio, 5.7 x 10-13 ,

then the extent of decay indicates an age of nine million years for the

Avery Island brine ( NV.-7706) and seven million years for the Weeks

Island brine (WI-1GE). These ages represent time since the iodine was

isolated from global circulation (e.g., recharged to ground water or

incorporated into marine sediments) and thus are upper limits for esti-

mates of time of entrapment by the domes. Knauth et al. (1980) and

Knauth and Kumar (1983) estimated an entrapment age of ten to thirteen
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million years based on the degree of 3A01 enrichment in the brines. The

consistency between these two independent age indicators is encouraging.

Iodine-129 in oil-field brines may also be an indicator of age.

The iodine is assumed to derive from marine sediments undergoing

diagenesis, with an initial isotopic ratio equal to that determined for

the GAB recharge waters. Although subsurface production of 1291 is

undoubtedly occurring, this contribution is expected to be completely

masked by the high levels of marine iodine present in the system. The

age of the iodine-rich brines on the basis of observed decay ranges from

32 to > 40 million years. If one further assumes that the common geo-

logic association of petroleum and iodine implies a common genetic his-

tory, then this age estimate would also apply to the oil and suggests

that the oil derives from Eocene formations underlying the Miocene

sands. This method for dating hydrocarbons would be worthwhile to test

by looking for trends in iodine and isotopic ratios: (a) in sediments

and pore fluids of source formations of different ages, (b) along poten-

tial gradients in transmitting formations, and (c) in petroleum traps.



CHAPTER 6

SUMMARY AND CONCLUSIONS

A hydrologic tracer must possess several well-defined charac-

teristics in order to provide useful information. Ideally, it should be

inert, soluble and highly mobile in any hydrologic environment, with a

known and limited number of source and sink terms. It should be widely

dispersed but exhibit predictable variability in nature. Unbiased sam-

pling techniques and precise analytical measurements must be available.

The purpose of this thesis has been to evaluate the extent to

which natural 1291 fulfills the requirements for a tracer. Specific

objectives have been to:

(a)estimate the 1291 content in recharge water, as determined

by the prebomb atmospheric equilibrium ratio 1291/1, and

the extent to which this ratio is expected to have varied

as a function of location;

(b)identify sources and sinks for iodine isotopes in the sub-

surface and factors controlling the relative mobility of

the isotopes;

(c)develop and test sampling and analytical techniques, in-

cluding appropriate blanks and standards; and

(d)test hypotheses about the predicted behavior of 1291 in the

subsurface by analyzing samples from well-studied hydro-

logic systems.

92
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6.1 Behavior of Iodine-129 in 
the Hydrologic Cycle

TO address the first two objectives, the global geochemical

cycle of stable iodine was reviewed in detail, and an existing linear

box model was modified to include environmental compartments and

transfer paths expected to be significant for 1291. On the initial

assumption that no fractionation occurs between the two iodine isotopes,

the global model was used to predict relative steady-state inventories,

ratios, and fluxes associated with each compartment. Absolute values

were assigned by calculating the total inventory of 1291 active in the

hydrologic cycle at steady state and distributing this total among the

compartments.

Because of the biophilic nature of iodine, its sorption by iron

hydroxides, and its propensity to co-exist in a variety of oxidation

states, iodine cannot be assumed to act conservatively in the hydrologic

cycle. However, the geochemical model indicates that the long residence

time of iodine in the ocean reservoir should ensure complete mixing and

is expected to make the ocean extremely effective as a buffer against

changes in the prebomb atmospheric ratio. Because the ocean is the

source of over 95% of atmospheric 1291, the ratio is expected to be spa-

tially and temporally constant in atmosphere, biosphere and soil

compartments as well. The prebomb equilibrium ratio predicted by the

model is 6.4 x 10-13 in the marine environment and 2% higher in the land

environment, a difference that would not be detectable with present-day

analytical techniques. Thus, values measured for recharge water at one

locality should be applicable to other localities as well.
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In the subsurface, the 1291 content and isotopic ratio of the

ground water will change as a function of age and will be determined by

the relative contribution of the two isotopes from three sources:

recharge water, iodine leached from the formation, and 1291 produced by

uranium fission within the formation. In young fresh ground water, the

meteoric component of 1291 will dominate, masking the effects of subsur-

face production. Older ground water, however, will gradually take on

the isotopic tag of the formation with which it is associated.

The behavior of 1291 in ground water was tested in two field

studies. In the Great Artesian Basin (GAB), Australia, the first direct

measurement was made of the preboMb atmospheric equilibrium ratio.

Based on a sample collected down-gradient of the recharge area, this

ratio is 5.7 x 10-13 , about one-and-a-half orders of magnitude below

present-day levels but very near to the predicted steady-state input

value. Sample ratios range from 4 x 10-13 to 7 x 10-12 and fall into

two geographically separate groups. Fairly low 1291 and iodine levels

are found in the recharge area and other shallow parts of the basin with

relatively young and cool waters, and much higher levels are present in

wells tapping older waters in deeper, higher-temperature parts of the

basin. Because any 1291 originally deposited with the Jurassic sedi-

ments would have decayed to negligible levels, the results verify that

subsurface production of 1291 can be significant. Based on the presence

of methane in some of the wells with high 1291 and I concentrations,

likely sources are carbonaceous interbeds and minor coal seams in the

aquifer sequence. The variability in subsurface ratios, however, indi-

cates that the two iodine isotopes are not flushed from the formation
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with equal efficiency. Controlling factors appear to be mineralogy,

temperature, ground-water age, and degree of stagnation.

The second field study involved iodine isotopes in brines col-

lected in and around three Gulf Coast salt domes and was selected to

test the usefulness of 1291 as an indicator of brine source and age.

Observed 1291 levels in brine inclusions in the domes indicate that the

sampled brines are derived from marine sediments between 7 and 9 million

years old, a result which is roughly consistent with estimates in the

literature for an entrapment age of 10 to 13 million years. The isoto-

pic ratio of meteoric leaks into the domes shows evidence of having been

affected by anthropogenic 1291 although contamination from the mine

atmosphere cannot be ruled out.

Iodine-129 levels in oil-field brines from Miocene sands adja-

cent to the domes are about one-third of those in the trapped brine

inclusions. Because the sediments are young relative to the half-life

of 1291 and because the release of this decay product into solution is

relatively inefficient, the effects of subsurface production of 1291 are

masked by the present-day isotopic content of these sediments, decayed

from the equilibrium marine ratio according to the time since sediment

burial. The extent of decay indicates an approximate age of 32 to > 40

million years for the source formation of the iodine, which is also the

most likely source of the petroleum with which the iodine is associated.

The study results demonstrate the capability of the

tandem-accelerator mass spectrometer to measure as few as 107 atoms 1291

in a sample containing 10 mg I with 10% deviation. This level cor-

responds to an isotopic ratio of 8 x 10-13.
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6.2 Major Areas of Uncertainty 

The preliminary results reported in this thesis are very

encouraging, but several areas of uncertainty have been identified. The

question of mass 129 yield of the 238U spontaneous fission process needs

to be resolved. Direct measurement of the 1291 content in geologically

old samples of low-uranium rocks and minerals should provide better

estimates of this value than has been reported in previous studies that

measured xenon isotopes in uranium ores and minerals.

Inventories and fluxes in the geochemical model which are par-

ticularly important for determining steady-state levels in the

ocean-atmosphere environment are those for recent ocean sediments and

igneous rocks compartments. How large is the sediment reservoir which

is actively exchanging with the ocean and thus buffering changes in the

ratio? Analysis of the ratio in sediments and pore fluids of ocean sed-

iment cores should provide a better estimate than has been assumed in

the model. How large is the iodine flux from volcanic emissions and

what is the associated isotopic ratio? Present estimates indicate that

volcanic emissions are the primary source of 1291 in the atmosphere,

slightly larger than the cosmogenic component. A survey of iodine con-

centrations and ratios in fumarole gases should be undertaken.

An important conclusion of the model that needs to be tested is

that the prebomb atmospheric equilibrium ratio has not varied in time or

place. A wide variety of sample types could provide this information:

recently-recharged ground water, young marine sediments and minerals,

buried peats. The effect of volcanic activity on local recharge ratios

could be tested by sampling ground waters in the vicinity of volcanic
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fields; the long residence time of iodine in soil organic matter may be

effective as a buffer to any drastic changes in the recharge ratio. In

areas covered by geologically young soils, an intriguing question is

whether meteoric iodine is recharged to the ground water at all, or

whether it is retained in the soil. This question could be addressed by

sampling recharge water in recently glaciated terrain.

In the subsurface, the most important questions concern the

relative and absolute rates at which the two iodine isotopes are

released from formations as a function of lithology and other factors.

Significant differences in mobility are expected between iodine in the

formation and 1291 produced in situ. Rased on the retention of 129Xe in

uranium ores, the release of fission-product 1291 may well be determined

by the dissolution rate of uranium in the formation. Independent esti-

mates of such subsurface weathering could possibly be obtained from

measurements of alpha-decay products such as 222Rn or 4He.

Areas of research in sampling and analytical techniques should

address: (1) efficiency of sample collection and chemical processing

procedures for organic iodine compounds; (2) the develcpment of tech-

niques that selectively extract organic or inorganic iodine; (3)

development of a method for carrier-free extraction of iodine from

low-iodine brines; and (4) continued improvement of the resolution and

precision of isotopic analyses.

6.3 potential Applications of Iodine-129 
to Hydrogeological Studies 

This research has provided at least a qualitative understanding

of the sources and sinks of 1291 in ground water and has demonstrated
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that subsurface concentrations are within present-day analytical capa-

bilities. Consequently, a number of tracer and dating applications are

now feasible for testing.

(1)Development of brine chemistry. 1291/1 ratios should be be

useful to distinguish between sea-water intrusion and other brine

sources, to date the time of last sea-water intrusion, and to date

brines or their marine source formations.

(2)Dating petroleum. Iodine in oil-field brines is expected to

be useful for dating associated petroleum and identifying possible

source formations and flow paths. The present detection limit for the

age-dating method is 4.1 x 107 years.

(3)Ground-water movement. The rate of buildup of 1291 in old

ground waters, and the extent to which it approaches equilibrium with

the host formation, should provide a qualitative indication of the

degree of stagnation or the rate of flushing of the formation. Such a

characteristic is of particular interest to petroleum geologists in

explaining why some petroleum traps are more effective than others, and

to hydrologists evaluating the hydraulics of low-permeability host for-

mations for waste injection or respositories.

(4)Mixing of water sources. 1291 levels and ratios should be

diagnostic indicators of water sources where the potential source forma-

tions differ in age or lithology, such as in volcanic fumaroles or

hydrothermal systems.

(5) Analog studies. Several geologic environments have been

considered appropriate natural analogs to radioactive waste reposito-

ries. The rate of release and transport of 1291 from these analogs



99

would provide useful information for the design of a waste facility and

for the prediction of impacts on ground-water quality should a breach of

the isolation system occur. Deposits of uranium ore in different litho-

logic and climatic environments are obvious analogs (Australian Atomic

Energy Commission, 1983; Brauer and Strebin, 1982; Cohen and Smith,

1981). Other analogs include sea-floor sediments (Laul et al., 1981)

and the iridium anomaly at the Cretaceous-Tertiary boundary (Waste Iso-

lation Systems Panel, 1983). In the latter case, one would expect the

1291 content of this argillaceous layer to be above background because

of its alleged cosmogenic origin (Bentley, 1984, personal communication;

Phillips, 1984, personal communication); and it would thus be of value

to determine the extent to which isotopic dispersion has occurred over

the past 65 million years.

(6) Exchange rates. Anthropogenic 1291, particularly that pro-

duced from above-ground testing of nuclear weapons, provides a means of

measuring rates of mixing in different environmental compartments and

rates of transfer from one compartment to another, such as from ocean to

sediments, from atmosphere to soil, and from soil to ground water.
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Raw data for 1291/1 estimates generally consist of two to four

sequences of ratio measurements, with each sequence containing two to

four individual runs. A final estimate of the ratio and associated

error bar is obtained after averaging the results of each sequence, cor-

recting these initial means for instrument background or interference

from the 1271 peak, normalizing them to the standard, and averaging

together the corrected means from all sequences for a given sample.

Errors associated with counting statistics for sample runs as

well as errors in the background, tail interference, and normalization

correction factors are calculated at each step and carried through the

statistical analysis to obtain an estimate of the error bar. In gener-

al, the error estimation procedure uses absolute deviations when the

correction involves the subtraction of two estimates of mean values

(e.g., background) and uses relative deviations when multiplication of

estimates is involved (e.g., normalization). The procedure is detailed

in Elmore et al. (1984). Tables A-1(a) and A-1(b) illustrate the

step-by-step application of this statistical procedure to sequences of

runs for several samples analyzed for this and other studies. Sample

identification numbers are those assigned by the analytical laboratory,

Nuclear Structure Research Laboratory, University of Rochester. The

field number for each sample is given in Tables A-2(a) and A-2(b), which

present the overall average ratios and associated deviations for each

sample, based on all sequences of runs. These are the final reported

values.
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Table A-1 -- Continued 

Explanation of Column Headings

- Sequential order in which sample was run.

Type (of sample) - S, Standard; B, Blank; U, Unknown.

Five counts:

Total - Total time-averaged count rate in interval gated
for 1291 ions (counts/minute).

Tail interf - Count rate within interval gated for 1291
ions which is estimated as being due to ions
from the high-energy tail of the 1271 peak
(see Figure A-1).

2ackgd ratio - Background ratio, based on periodic measurement
of blank sample.

Nam factor - Normalization factor, representing relative counting
efficiency of instrument for 1271 and 1291 ions.
Calculated by dividing the measured ratio of a standard
by its expected value.

Meas ratio (Mean 1) - Uncorrected ratio calculated solely on basis
of 1291 count rate and 1271 current.

Ratio corrected for:

Backgd DI tail (Mean 2) - Reduction of uncorrected ratio to
account for background counts or counts
due to tail interference.

Norm (Mean 3) - Normalization of Mean 2 ratio to the standard.

lay (Dey 3) - Percent deviation associated with corrected mean ratio.
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Interval gated
for I-I29

1291

Counts in gated
I	 interval due to

I-12r7 tail interference

TIME OF FLIGHT (dimensionless scale)

Figure A-1. Contribution of High-Energy 
127

1 Ions to the Counts
Received in the Interval Gated for 129 1.
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Table B-1. Analyses of Iodine and Iodine-129 in Ground Water, Great
Artesian Basin

Sample ID	 Location	 Iodine	 Isotope ratio	 Concentration
concentration	 12I/I	 of 129 1

GAB	 RN	 (pg/l)	 x 10-15 	(109 atoms/1)

169 1996 Wallal 70 830 ± 13% 2.8
170 305 Adavale 210
171 1184 Stannum 125
172 3771 Milo Holding 75 7058 ± 10% 25.1
173 358 Eromanga 198

174 4022 Naretha 59
175 16768 Innamincka -2 1390
176 5092 Mt. Margaret 565 636 ± 15% 17.0
177 -- Innamincka -1 210 917 ± 10% 9.1
178 15239 SOE -Orient 48

179 401 Thargamindah 45 1328 ± 24% 2.8
180 2431 The Gap 27
181 2271 Kahmoo 17 827 ± 10% 0.7
182 1338 Cocklarina 18
183 67 Juanbong 17

184 2049 Borna Vista 51 419 ± 13% 1.0
185 4964 Yarrawonga 55
186 5008 Gowrie 23
187 3953 Wiringa 47
188 1755 Burenda 20

189 11748 Connemara 14
190 12057 Connemara-2 15
191 6088 Burenda New 55
192 9987 Gladysvale 15
193 1577 Bogarella-7 26

194 12597 Yo Yo 53
195 5675 Plevna Downs 9
196 5287 Oakwood 26
197 4001 Springfield 91
198 13698 Warrah 39 545 ± 22% 1.0

199 1754 Marito 17 565 ± 11% 0.5

--- 5147 Gum Holes 81
--- 6861 Chatham 38

* GAB sample locations shown on Figure B-1.
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APPENDIX C

ISOTOPIC AND GEOCHEMICAL ANALYSES OF

GULF COAST BRINES AND SEDIMENTS
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This appendix describes the collection of brine and sediment

samples in southern Louisiana and the independent methods used to clas-

sify the salt dome brines as young meteoric leaks or as old trapped

brine inclusions. In addition, analyses of strontium isotopes suggest

the nature of the sediments with which the brines have been in contact.

Sample Collection 

In August 1982, water samples were collected by the author in

and around three salt domes in southern Louisiana. Three types of brine

samples were collected: known meteoric leaks in Weeks Island and Avery

Island domes, brine inclusions intercepted during mining operations in

the same domes, and oil-field brines from Miocene formation's adjacent to

Weeks Island and White Castle domes. In addition, L. P. Knauth (Depart-

ment of Geology, Arizona State University) and M. B. Kumar (Institute

for Environmental Studies, Louisiana State University) made available

several domal brine samples for 36C1 analysis, from mine leaks which had

been identified by them as being 'trapped' brine inclusions. The loca-

tions of these samples are shown in Figure C-1. Results of on-site

measurements for the University of Arizona samples are reported in Table

C-1.

Geochemical Analyses of Brines 

Geochemical analyses provide important clues to the source of

the mine brines. As can be seen from the data in Table C-2, the meteor-

ic leaks and oil-field brines have general similarities regardless of

sample location. The trapped domal brines are less similar to one

another and thus may represent different genetic histories. These
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Table C-1. Water Samples Collected in and around Louisiana Salt Domes

Sample	 Description of location, results of on-site measurements,
and other information

AVERY ISLAND MINE BRINES

	AV-2A	 Active ceiling leak in slope leading from 500- to
750-ft level, 4.24 gpm, 24.4 °C, apparent pH 6.4,
height above floor about 25 feet

AV-7706/18 Active leak from ungrouted drill hole at 900-ft
level, height above floor about 10 feet, 130 ml/
min, 28.3 °C, apparent pH 5.7, large stalagmites
built up under leaks

WEEKS ISLAND MINE BRINES

	

WI-1GE	 Active leak at 1200-ft level (Mbrton portion of
	leak	 mine), NE corner of E face of intersection 1G, about

4 feet above floor, apparent pH 5.8, cyclical flow
- produced about 100 ml for one minute then quiet
for 7 minutes

	

WI-1GE	 Pool covering most of 1G intersection, approx.
	pool	 20 ft x 100 ft x 6 in, 29.4 °C, apparent pH 1.6,

oily orange scum on surface (probably from diesel
fuel), age of pool about 6 weeks

	

WI-MP	 Markel pool in wet drift behind bulkhead in DOE
portion of mine, approx. 20 ft x 20 ft x 5 in,
24.6 °C, apparent pH 11.2, ammonia odor?, no evi-
dence of hydrocarbons, fed by active leaks at rate
of 2.5 gal/hr, age of pool about 44 years

OIL-FIELD BRINES

Gulf PC-3 Provost Cyr #3 in Weeks Island oil field, perforated
interval 11,626 to 11,630 feet in Dil2 sand, production
rate 86 bpd oil, 444 bpd brine, flowing well

Gulf PC-8 Provost Cyr #8 in Weeks Island oil field, perforated
interval 11,357 to 11,362 feet, production rate 14
bpd oil, 1100 bpd brine, gas-lift with gas supplied
by PC-3
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Table C-1 -- Continued 

Sample	 Description of location, results of on-site measurements,
and other information

WC-W122	 Wilbert 122 in White Castle oil field (Shell), perfo-
rated interval 6904 to 6910 feet in U sand, completed
3/65, started producing 3/65, production rate 2200 bpd
brine, 25 bpd oil, 15 mcfd gas, 55 °C, apparent pH 5.5,
gas-lift

WC-W141	 Wilbert 141 in White Castle oil field (Shell), perfo-
rated interval 3100 to 3120 feet in C2 sand, completed
3/67, used for brine production only as of 5/82, 34 °C,
apparent pH 6.1, production rate 500 bpd brine only,
gas-lift

WC-W155	 Wilbert 155 in White Castle oil field (Shell), perfo-
rated interval 8812 to 8834 feet in MO sand, completed
8/69, started production 9/76, production rate 1200 bpd
brine, 5 bpd oil, 3 mcfd gas, 46 °C, apparent pH 6.4,
gas-lift, methane odor

WC-W245	 Wilbert 245 in White Castle oil field (Shell), perfo-
rated interval 6594 to 6625 feet in V sand, completed
and started production 5/79, production rate 900 bpd
brine, 20 gpd oil, 15 mcfd gas, 50 °C, apparent pH 6.4,
gas-lift, methane odor

OTHER WATER SAMPLES

DOE-WS	 Water supply for U. S. Department of Energy at Weeks
Island SPR site, sampled back pressure in line leading
from water storage tank, pump off at time of sampling

Petit Anse Sample collected at Jungle Gardens next to shore at
Bayou	 depth of 6 inches
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results are similar to the extensive set of geochemical analyses report-

ed in Kumar and Martinez (1978) for these and other Gulf Coast brines.

The two meteoric leaks are Na-Cl brines saturated in SO4 and

high in carbonate species. Both are considered to be the result of

seepage of fresh to brackish water near the surface into the mined open-

ing. The water became highly saline through dissolution of salt and

anhydrite as it penetrated into the mine (Kumar and Martinez, 1978).

Iodide levels are equivalent to sea water, and pH values are neutral to

basic.

The trapped mine brines are distinctly different from the

meteoric leaks, being considerably enriched in all cations except Na,

lower in SO4, much higher in I, and acidic. Relative to the oil-field

brines, the trapped brines are enriched in K, Ca, Mg, Sr, Li, Fe, B, and

SO4 and depleted in Ba and CO3 species. Iodide levels are the same in

the trapped brines as in the oil-field brines.

Stable Oxygen and Hydrogen Isotopes 

The brines were analyzed for 2R and 100 content by L. P. Knauth

(Department of Geology, Arizona State University, Tempe AZ), and the

results are presented in Table C-3. The values fall in the same range

reported previously by Knauth, Kumar, and Martinez (1980) and Knauth and

Kumar (1983) for meteoric and trapped leaks (Figure C-2). Thus this

information provides additional confirmation of the classification of

the Univerity of Arizona samples into these two categories. The values

for the formation waters may not be representative of in-situ oil-field

brines because of difficulties in sampling such high-temperature waters.
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Table C-3.	 Analyses of Hydrogen and C%gyen Isotopes in Louisiana
Water Samples

Sample 62H 61130

Meteoric leaks in salt domes

AV-2A -21.4 -4.4
WI-MP -26.9 -4.2

"Trapped" brine inclusions in salt domes

AV-7706 -11.5 +7.7
WI-1GE leak - 5.1 +9.9
W1-1GE pool -11.5 +7.0

Oil-field brines

Gulf PC-3 -13.4 +0.5
Gulf PC-8 -12.6 +0.4
WC-W122 - 9.5 0.0
WC-W141 -12.4 +0.2
WC-W155 -12.8 +2.7
WC-W245 -11.1 +0.5

Other

DOE-WS -23.7 -4.8
AV-Bayou - 7.8 -1.6

*See Table C-1 for descriptions of samples.

Analyses by L. P. Knauth, Department of Geology, Arizona State
University, Tempe AZ, January 4, 1983
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Chlorine-36 Analyses 

Table C-4 presents the 36C1 (half-life, 3.01 x 10 5 yr) content

and ratio to stable chlorine for the oil-field and domal brine samples.

Meteoric water for this area is calculated to have a 36C1/C1 ratio of 20

x 1015 (Bentley, Phillips, and Davis, 1984) and is assumed to represent

the initial concentration for the fresh-water aquifer overlying the

domes. The chloride content of the meteoric leaks deriving from this

shallow aquifer increases by three orders of magnitude as the fresh

water dissolves Jurassic, 36C1-free halite (H-1) in its path.

Consequently, the original 36C1 tag of the source is overwhelmed,

resulting in zero 36C1 values (AV-2A and WI-MP).

The initial ratio of 36C1/C1 for the trapped brines, which would

be the secular equiibrium value as determined by U and Th levels in the

sediments, may be inferred from that of the oil-field brines in the area

(Gulf and WC-series). These average 4 x 10-15. Mass balance arguments

indicate that the trapped brines in the salt domes, if derived from

adjacent marine formations, have been diluted with "dead" chloride by a

factor of at least 2.5. The initial result of such dilution would be a

decrease in the observed ratio to 1 - 2 x 10-15 , after which the ratio

would continue to decrease through decay. A ratio less than 0.5 x

10-15 , the practical detection limit, would be reached after a residence

time of 3 x 105 years or more.

Most of the trapped brines have values below the detection limit

(4K-series), consistent with a residence time greater than 3 x 105 years

as proposed by Knauth et al. (1980) and Knauth and Kumar (1983).

However, two samples (AV-7706 and WI-1GE) have been little changed from
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Table C-4.	 Analyses of Chlorine-36 in Louisiana Brines and Salt-
Dome Minerals

Sample Chloride
Concentration

(g/l)

Ratio**
36C1/C1
x10-15

36C1 Content
(atoms/1)

x10-7

Meteoric leaks in salt domes

AV-2A 190 <0.5 <2
190 <0.5 <2

"Trapped" brines inclusions in salt domes

AV-7706 228 3 1 60% 12
WI-1GE 201 1 * 50% 3
WK-5 201 <0.5 <2
WK-8 204 <0.5 <2
WK-T9 201 <0.5 <2
WK-10c 201 <0.5 <2

Oil-field brines

Gulf PC-3 90 3 1 70% 5
Gulf PC-8 ,95 3 1 30% 5
WC-W122 83 4 * 30% 6
WC-i4141 71 3 ± 25% 4
WC-W155 79 4 * 21% 5
WC-,W245 81 4 ± 25% 6

Mineral samples (water-soluble components) from salt domes

H-1 <0.5
LA-1 0.5
LA-8 <0.5

* See Table C-1 for description of brine samples and Table C-5 for
description of mineral samples.

WK-series samples from Weeks Island, Markel mine (Figure C-1).
WK-5 and -8 were collected as active leaks, WK-9 was collected from
an isolated pool near WK-8, and WK-10c was collected from a pool
near 1 K-5. Samples provided to author by L. P. Knauth (Department
of Geology, Arizona State University, Tempe A2) and M. B. Kumar
(Institute for Environmental Studies, Louisiana State University,
Baton Rouge LA).

**36C1/C1 analyses by D. Elmore, Nuclear Structure Research
Laboratory, University of Rochester, Rochester NY.
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the original 36C1 content, suggesting a relatively short residence time.

These two leaks may contain some meteoric component or may have been

isolated from the source formation less than 3 x 105 years.

Geochemical Analyses of Sediments 

Halite and sediment samples were collected in Avery Island and

Weeks Island mines. Sample locations and pretreatment prior to geochem-

ical analysis are described in Table C-5. The sediment samples were

collected within a few hundred feet of the trapped brine leaks and in

each case were part of an extensive zone or band of brecciated sandstone

and fine-grained sediments. The sediment geochemistry (Table C-6) shows

that these do not have the same origin as the evaporite deposits, and it

is likely that the brine leaks were at some time in contact with these

•r similar sediments. Analysis of the strontium isotopic ratio of the

sediments (reported in the next section) is generally supportive of this

hypothesis.

The brecciated sandstone zone in Avery Island is located along

the main fault, shown schematically in Figure C-1. The specimen col-

lected for analysis consisted of fairly homogeneous sand-sized material:

81% of the collected sample was insoluble sandy material, and 76% of the

untreated sample was Si02. The uranium content (Table C-7) was quite

low, 0.4 ppm. Jacoby (1977) noted that potassium levels were low

throughout the dome (20-35 ppm in insoluble residue) but showed sharp

increases close to the main fault (variable but up to 1200 ppm). He

hypothesized that the higher values could be an indication that some of

the original fluids were still trapped in the sandstone breccia in
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Table C-5. Sediment Samples Collected in Avery Island and Weeks
Island Mines

Sample	 Description of Location and Pretreatment Prior to
Geochemical Analysis

AVERY ISLAND MINE: Homogeneous mixture of clean pinkish sand and white
clay in matrix of halites, collected in tunnel at
900-ft level within 50 meters of active brine leak
AV-7706

LA-1	 Whole crushed rock

WEEKS ISLAND MINE: Highly fragmented and heterogeneous sediment inclu-
sions consisting of rounded nodules of tan or gray
sand U. 2.5 an diameter) coated with grey clay and
embedded in a halite matrix, collected at 1200-ft
level in room H-3W-W about 130 meters from active
brine leak WI-1GE

LA-3	 Whole crushed sandy nodule

LA-5	 Whole crushed grey clay coating

LA-6	 Whole crushed sandy nodules

LA-7	 Whole crushed aggregate sample

LA-8	 Insoluble residue of aggregate sample LA-7 (12% of
initial sample weight). Pinkish sand and grey clay
(red-purple when wet)

Halite bands

H-1	 Light band of coarse halite crystals, insoluble
residue (< 3% of initial sample weight)

H-2	 Dark band of coarse halite crystals, insoluble
residue (3% of initial sample weight)
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Table C-7. Analyses of Uranium and Thorium in Domal Sediments and
Minerals*

Sample U
PPm

Th
PPm

LA-1 0.4 0.9

LA-3 0.7 1.5

LA-5 0.8 3.2

LA-6 0.3 0.7

LA-8 0.7 2.3

H-1 0.2 0.5

H-2 0.1 <0.5

*For description of samples, see Table C-5. Analyses by X-Ray Assay
Laboratories, Don Mills, Ontario, Canada.
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these areas. The presence of hydrocarbon gases was also reported in

recrystallized secondary salt along tension cracks, verifying the pres-

ence of organic matter which could be a source for the high levels of

iodide observed in the trapped brines.

The Weeks Island sample was collected at a highly heterogeneous

band, approximately one-half meter wide, of fragmented, unconsolidated

sediments in a matrix of halite and other evaporite minerals. The ana-

lyzed fractions differ only in the type of pretreatment they received

(Table C-5). As with the Avery Island sample, uranium concentrations

are very law, 0.7 ppm in a whole-rock analysis, and appear to be associ-

ated primarily with the fine fraction (LA75, 0.8 ppm U) (Table C-7).

Halite samples from dark and light bands in Weeks Island mine

were collected in order to determine uranium concentrations. The anal-

ysis was done on insoluble residue from each sample. The dark band con-

tained more than ten times the quantity of such residue as did the light

band. Uranium concentrations of these fractions were the lowest of any

of the samples, 0.1 and 0.2 ppm (Table C-7).

Strontium Isotopes 

Strontium isotopes were measured in the brines and sediment

inclusions with the expectation that the 87Sr/86Sr ratios would reflect

the origin of the sediments with which the brines had been in contact.

The following discussion of the results is extracted from Fabryka-Martin

et al. (1984).
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Background

In recent years, strontium isotopes in oil-field brines have

been the focus of several published studies because such information may

provide insight into the dynamics of oil migration and accumulation.

These investigations have shown that 87Sr/Sr values in oil-field

brines in marine systems commonly differ from paleo-seawater values that

probably prevailed when the hydrocarbon source rock was formed (Chaud-

huri, 1978; Sunwall and Pushkar, 1979; Chaudhuri et al., 1983; Starinsky

et al., 1983, Stueber and Pushkar, 1983; Stueber, Pushkar, and Hether-

ington, 1984). In particular, enrichment in radiogenic 87Sr has been

observed and has been attributed to contribution of strontium from

detrital source material in the sedimentary formations through which the

brine has migrated.

Strontium isotopes in brines can thus reflect isotopic charac-

teristics of both their source and reservoir rocks. For this reason, we

believed that it might be useful to analyze such values in brine pockets

in salt domes. One hypothesis is that the domal brines may be connate

seawater trapped in the salt during evaporite precipitation and subse-

quently expelled due to compaction. If so, then strontium in those

brines should bear the same isotopic ratio tag as that of the

paleo-seawater. Even if the brines gained strontium by the dissolution

of evaporite minerals associated with the salt, the isotopic ratio would

not be expected to change. Pushkar, Stueber, and Hetherington (1983)

confirmed that marine precipitates from the stock and caprock of

two salt domes in northern Louisiana have 87Sr/ 86Sr values (0.707)
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characteristic of marine strontium during the Jurassic when the Louann

mother salt was deposited.

On the other hand, geochemical and isotopic analyses (2H, 180,

36Cl, 1291) of brines collected in several domes in southern Louisiana

provide strong evidence that the brines may be more recent in origin,

incorporated into the salt during its diapiric rise and probably no

later than late Tertiary. The brine in such a case could be expected to

have an isotopic composition that was measurably different from that of

marine strontium. The exact value would depend on the age and lithology

of the original source formation, residence time of the water, and

extent of dilution by marine strontium from minerals in the dome salt.

Study Area

Brine and sediment samples were collected in the vicinity of

three shallow piercement-type domes in southern Louisiana (Fig. C-1)

and are described in Tables C-1 and C-5. The domes have little or no

caprock and are surrounded by oil and gas wells tapping stratigraphic

traps in Miocene sediments. These sediments are deltaic and are usually

fine-grained, poorly sorted, unconsolidated quartzose sands, frequently

calcareous or argillaceous and interbedded with shale (Collins, 1970).

Two of the domes, Avery Island and Weeks Island, are mined

actively for salt. Background information on Gulf Coast geology as it

relates to salt domes and an excellent detailed description of the geol-

ogy and hydrology of Weeks Island mine are contained in Kupfer (1977).

Parallel information for Avery Island mine is presented in Jacoby

(1977).



130

Analytical Methods

Strontium isotope ratios were measured at the Laboratory of Iso-

tope Geochemistry, University of Arizona. Strontium was extracted from

the brines by cation-exchange chromatography. Rock samples were leached

with dilute HC1 and digested in HF, HNO3 , and HC1 before extraction by

cation-exchange chromatography. Isotope ratios were measured using a

VG-354 thermal ionization mass spectrometer with five adjustable Faraday

cup collectors. Measured ratios were normalized to 86Sr/8 Sr = 0.1194.

The 87Sr/ 86Sr ratio of the NBS 987 standard was measured as 0.71025 *

0.00003 (la).

Except where noted otherwise, strontium and rubidium concentra-

tions in the samples were determined by isotope dilution by spiking the

samples with solutions enriched in 84Sr and 67Rb.

Results

Rubidium and strontium contents and strontium isotope ratios

measured for this study are reported in Table C-8.

Strontium concentrations in the Weeks Island and White Castle

oil-field brines range from 99 to 428 mg/1 and are similar to those

reported for other Louisiana oil-field brines (Collins, 1970).

Strontium isotope ratios average 0.7092 ± 0.0003 and range from 0.7088

to 0.7094. The ratios appear to be positively correlated with depth.

The sediment sample (LA-1) and both brines (AV-7706, AV-2A) col-

lected in the fault zone through Avery Island dome have identical

strontium isotope compositions, 0.7136, despite the fact that the two
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Table C-8. Strontium, Rubidium, and 87Sr/Sr in Brine and
Sediment Samples

Sample
	Sr 	 Rb
	Plan	 PPm g7Sr/86Sr

Oil-field brines

GU -PC3 368 -- 0.7094
GU -PC8 146 25 0.7094
WC-W122 109 -- 0.7088
WC-W141 428 -- 0.7088
WC-W155 219 1 0.7093
WC-W245 99 17 0.7090

Trapped Brine Inclusions

AV-7706 438 101* 0.7136
WI-1GE 640** 60** 0.7126
WK-5 655 52* 0.7125
WK-8 1174 61* 0.7126
WK-9 555 53* 0.7126
WK-10c 454 -- 0.7127

Meteroic Leaks

AV-2A 129 <.01 0.7136
WI-MP 31 0.7098

Sediment Inclusions***

LA-1 43 6.6 0.7136
LA-1 16 2.2 0.7142
LA-7 99 5.9 0.7094
LA-6 137 5.1 0.7093
LA-5 99 5.2 0.7122

* Rb analyses from Kumar and Martinez (1978). In that report,
AV-15 is the same sampling point as AV-2A; AV-36 is the same
as AV-7706.

** Sr and Rb determined by atomic absorption by author.

*** Residue after acid leach.
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waters differ greatly from one another in geochemical and other isotopic

characteristics.

Weeks Island mine samples show a greater variation in 87Sr/ 86Sr

values. That for meteoric leak WI-MP (0.7098) is only slightly higher

than the value for modern seawater (0.7091, Burke et al., 1982).

However, strontium in the five trapped brines is considerably more radi-

ogenic than seawater, with isotope ratios that are essentially constant

(0.7125 to 0.7127), even though they were collected from two different

mine levels separated by 250 vertical meters of salt. The isotope ratio

of the sediment sample collected in the lowermost mine level (0.7094) is

similar to that of modern marine strontium.

Discussion

Of the 14 brines analyzed in this study, 11 are more enriched in

radiogenic 87Sr than is marine strontium, which has ranged from 0.7068

to 0.7091 throughout Phanerozoic time (Burke et al., 1982). In develop-

ing a hypothesis for the evolution of the strontium chemistry of these

brines, numerous mechanisms can be invoked to explain the enrichment in

total strontium relative to that of seawater (8 mg/1): evaporation of

seawater, membrane filtration through clays and shales, conversion of

aragonite to calcite, dolomitization, dissolution of strontium-bearing

minerals (Sass and Starinsky, 1979).

However, the question of most interest is not the concentrations

of strontium in the brines as much as it is the source of radiogenic

g7Sr. Significant in situ production may have taken place in the domal

brine inclusions due to the presence of sylvite in the halite stock.
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This reservoir of 87Rb was suggested by Stueber et al. (1984) to explain

why halite cored from the stock of Vacherie salt dome was considerably

more radiogenic (0.7084) than other salt dome minerals. Given the Rb/Sr

ratios observed in the brine inclusions (Table C-8) and assuming an ini-

tial 87Sr/Sr ratio of 0.7070 and maximum possible age of 160 My, then

in situ production could account for ratios ranging from 0.7073 in the

case of WK-8, up to 0.7084 in the case of AV-7706. This source of 87Sr

is obviously insufficient to explain the degree of enrichment observed

in these cases although, in conjunction with mixing of modern marine Sr,

production could account for the oil-field brine ratios.

A more likely source of 87Sr enrichment for the brines is the

detrital marine sediments. Isotope data for the alumino-silicate frac-

tion of marine formations confirm that these sediments do not readily

equilibrate their strontium with that of seawater during deposition and

burial, not even during post -burial low-temperature diagenesis (e.g.,

Dasch, 1969). In young sediments of coastal Louisiana, noncarbonate

detritus is expected to derive predominantly from old sialic rocks

weathered from the continental crust (Sr/Sr = 0.720). This expecta-

tion is borne out in a study by Perry and Ttrekian (1974), who analyzed

strontium isotopes in Miocene shale samples collected from the depth

interval 1582 to 5523 meters from an oil well drilled in coastal Louisi-

ana. The isotope values ranged from 0.714 to 0.716 for untreated whole

rock, and 0.716 to 0.725 for the carbonate fraction. Similarly, Stueber

et al. (1984) reported values ranging from 0.716 to 0.718 (whole rock)

for Upper Jurassic shale collected from oil wells in northern Louisiana

and eastern Texas. The value obtained for the Avery Island sediment in
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this study (0.714) is consistent with this hypothesis of marine sediment

not in equilibrium with its environment of deposition.

The possible influence of radiogenic strontium in detrital sedi-

ments on isotope ratios in brines has been suggested by many studies in

the case of oil-field brines and has been convincingly documented in the

recent work of Stueber et al. (1984). The latter authors discuss

mechanisms by which radiogenic Sr can be released into solution; infil-

tration of potassium-rich brines in particular could release interlayer

base-metal ions during conversion of montmorillonite clay minerals to

illite. The low pH of the trapped brines would hasten the leaching of

the sediments; Chaudhuri (1978) reported that 87Sr/ 86Sr ratios in acid

leachate from illite and mixed-layer illite-montmorillonite were consid-

erably above 0.710.

The degree to which the brines have been influenced by detrital

sediments can be estimated by assuming a two-component mixing model. In

the case of oil-field brines, the shallowest samples in the present

study had isotope values equal to that of marine strontium during the

Miocene. Deeper brines were slightly more radiogenic. Assuming that

the brine isotope ratio represents the mixing of strontium from marine

sources (ratio = 0.709) and noncarbonate detritus (ratio = 0.720), one

can estimate that the proportion of strontium of detrital origin in the

oil-field brines ranges from 0 to 4%. As one would expect, this propor -

tion is lower than that estimated by Stueber et al. (1984) for oil-field

brines from Cretaceous-Jurassic reservoirs in Arkansas. In that study,

as much as 25% of the Sr in the most radiogenic brines was believed to

have a detrital origin.
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Applying the same two-component mixing model to the trapped

domal brines, the proportion of strontium derived from detrital sources

ranges from 31 to 36% for the Weeks Island samples (WI -1GE;

WK-5,8,9,10c) and from 42 to 51% for the Avery Island sample (AXT-7706),

the range being established by assuming maximum (0.709) and minimum

(0.707) ratios for the marine component.

For the meteoric leaks, the mixing model indicates that most of

the strontium in the Weeks Island sample (WI-M?) must be marine in ori-

gin (7 to 22% detrital), while that in the Avery Island sample (AV-2A)

is present in nearly equal proportions from the two sources (42 to 51%

detrital).

Conclusions

The usefulness of strontium isotope measurements in this study

is that they allow us to draw inferences about the path of brine migra-

tion into the salt domes and provide us with a means of indirectly

probing the nature of the formations with which the brines have been in

contact. The findings are consistent with previous studies: (1) the

domal brine inclusions are associated with detrital sediments, and (2)

the inclusions are not relict seawater trapped in the mother salt since

the Jurassic.

The proportion of marine strontium calculated for the domal

brines reflects the nature of its migration path into, or entrapment in,

the salt dome. In Avery Island, high isotope ratios support the conten-

tion that the brecciated sediments in the main fault zone have provided

a means of ready access for the seepage of water from overlying or
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adjacent formations into the mined openings. In Weeks Island, high

ratios in the brine inclusions may indicate remnants of analogous,

smaller-scale shear zones between salt spines. In contrast, the stron-

tium signature of the Weeks Island meteoric leak reflects its movement

through marine evaporitic minerals, as opposed to detrital sediments.
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