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A DYNAMIC MODEL OF THE GLOBAL IODINE CYCLE FOR THE ESTIMATION
.

OF DOSE TO THE WORLD POPULATION FROM RELEASES

OF 10 DINE-129 TO THE ENVIRONMENT,

D. C. Kocher

ABSTRACT

A dynamic linear compartment model of the global iodine
cycle has been developed for the purpose of estimating
long-term doses and dose commitments to the world pop-

129ulation from releases of I to the environment. The
environmental compartments assumed in the model comprise
the atmosphere, hydrosphere, lithosphere, and terrestrial
biosphere. The global transport of iodine is described by
means of time-invariant fractional transfer rates between
the environmental compartments. The fractional transfer

129rates for I are determined primarily from available
data on compartment inventories and fluxes for naturally
occurring stable iodine and from data on the global hydro-
logic cycle. The dose to the world population is estimated

129from the calculated compartment inventories of 1, the
known compartment inventories of stable iodine, a pathway

*
analysis of the intake of iodine by a reference individual,
dose conversion factors for inhalation and ingestion, and
an estimate of the world population. For an assumed

,

constant population of 12.21 billion beyond the year 2075,
the estimated population dose commitment is 2 x 10s man-
rem /Ci. The sensitivity of the calculated doses to
variations in some of the parameters in the model for the
global iodine cycle is investigated. A computer code
written to calculate global compartment inventories and
dose rates and population doses is described and docu-
mented.

I. INTRODUCTION

In assessing potential radiation doses to man from releases of

radioactivity to the environment, it is important to consider not only

doses to the population in the vicinity of the release point but also,
w

for some radionuclides, potential doses and dose commitments to the

entire world population. The radionuclides that, because of their
,

mobility in the envirotment and relatively long half-life, are expected

1534 012



2

to result in a global radiological impact until removal from the en-
,

vironment by radioactive decay include H, 14C, 85Kr, and I. Only3 129 *
*

129C and 1 have sufficiently long half-lives to affect the population

for many generations. Worldwide population dose commitments from
4

releases of C from the nuclear power industry and atmospheric weapons

testing have received particular attention on the basis of current

knowledge of the global transport of carbon dioxide.

The purpose of the work presented here is the development of a

model to describe the global transport and cycling of iodine for the

purpose of estimating potential worldwide radiological impacts from
129 129

releases of I to the environment. Since 1 has a half-life of 15.7

million years, any release results in a potential exposure to man

essentially in perpetuity.
l29

The primary releases of 1 from the nuclear power industry are

expected to occur during fuel reprocessing. Production rates from a

reprocessing plant with a capacity of 1500 metric tons u. fuel per year

are estimated to be 50 Ci/ year, but release rates at least a factor of .

100 less should be realized with current technology.3-5 Other significant
129

sources of I in the environment include atmospheric weapons testing -

and natural production from spontaneous fission of U and from cosmic

ray interactions with atmospheric xenon and other elements. The estimated

release from weapons testing up to the year 1973 is 12 C1.0 The

steady-state activity circulating in the environment from natural

production is estimated to be 33 C1.6,7
129

Worldwide population dose assessments for I present a difficulty

not encountered in assessments for C, resulting from the likelihood
129

that 1 is transported into global circulation relatively slowly

following a release. For C, the direct application of a global-scale

model to a release even from a point source is a valid procedure because

the mean residence time in the atmosphere, which is approximately 6

years, is sufficiently long to allow mixing throughout the global
~

*
Many radionuclides in the actinide series will also persist in

the environment for very long timen following a release, but it is
'usually assumed for radiological assessment purposes that these

nuclides are relatively immobile and, thus, have their primary impact
only in the vicinity of the point of release.

1534 013
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atmosphere before most of the release is transferred for the first time

to other parts of the environment. For I, on the other hand, a

release to the c.tmosphere is likely to be deposited on land or the,

oceans relatively rapidly before mixing throughout the global atmosphere

is achieved; in addition, releases directly to a small area of the land

surface or to surface waters can occur. The resulting localized dis-

tribution of I on the earth's surface shortly after a release may not

enter into circulation throughout the global environment for many years.

Therefore, for some types of releases, it is probable that a realistic
129

long-term worldwide population dose assessment for 1 should consider

a progression from local to regional to global-scale models, wherein the

time scales over which the different models are applicable are deter-

mined by the mobility of iodine in the environment.

In this work, we have not explicitly considered the local and

regional scale dose assessment and transport models that might be

applied following a localized release of I. Rather, we have con-

centrated on development of a model for the global transport and cycling-

of iodine, and we have assumed for illustrative purposes that the global

- model can be applied immediately following a release of I for the

purpose of estimating worldwide population doses and dose commitments;
129

i.e., we have assumed that the released I is uniformly dispersed on a

global scale throughout some part of the environment. A reasonable
elucidation or the global iodine cycle should help determine the need

for the internediary local and regional scale models for certain types

of releases and the time periods following a release over which they are

appropriate. Regardless of whether or not the local and regional scale

models are needed, we note that dose assessments for the so-called

"first-pass" exposures immediately following a release are still needed
prior to application of the models for estimating long-term doses.

In this report, the global iodine cycle is described by means of a

linear compartment model. In this model, the global environment is

divided into different compartments comprising the atmosphere, hydro-

sphere, lithosphere, and terrestrial biosphere. The parameters of the
,

129
model descr" the transport of I between the different global

iwingareleasearedeterminedas8.uchaspossibleby
compartmen*

1534 01-
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an analysis of data on compartment inventories and fluxes between
.

compartments for naturally occurring stable iodine. The model then

gives the inventories of I as a function of time in the different
.

compartments for a specified release to the environment. Given the

estimated inventories of I and stable iodine in the different com-

partments, worldwide population doses and dose commitments are calet-

lated from a model for the intake of iodine by a reference individual,

factors to convert intake by an individual to dose, and an estimate of

the world population at future times.

This report also contains a description and documentation of the

computer code written to implement the linear compartment model of the

global iodine cycle and to calculate individual and population doses and

dose commitments from releases of I to the environment. Results of

calculations for a hypothetical release of 1 Ci to various environmental

cot'partments are presented and compared, and the sensitivity of the

dosus to variations in some of the parameters for the global iodine

cycle is investigated.
,

.

H
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2. DEFINITION OF A LINEAR COMPARTMENT 30 DEL
.

The linear compartment model used in this work to describe the
-

global iodine cycle is illustrated by means of the general two-com-

partment model shown in Fig. 1. The quantity Y , i = 1 or 2, denotesg

the inventory or quantity of material (assumed to be nonradioactive) in
theithcompartmentattimet,andIfistheflux(quantityperunit
time) into the ith compartment at time t from a particular source,

either natural or anthropogenic, outside the environmental system. The

arrows connecting the compartments represent the possible pathways for
transport of material between the two. The quantity k. . is defined as

%>J
the fractional transfer rate, or the probability per unit time, for

trancport of matarial from the ith to the 4th compartment. The re-

ciprocal of the fractional transfer rate is defined as the mean residence

time for transfer from the ith to the jth compartment.

In this model, we assume that the environmental compartments are

.

well mixed at any time - i.e. , any flux of material to a compartment is

uniformly and instantaneously distributed throughout the compartment -

,
so that any material in a given compartment has an equal probability of

transport to another compartment. If we define F( . as the flux of
%>J

stable material from the ith to the 4th compartment at time t, the

fluxes, fractional transfer rates, and compartment inventories at any

time are related by

.1
r. .=k. .Y . (1).

%>J L> J %

The con.partment model is thus linear because the fluxes are proportional
to the inventories in the compartments. In general, the fractional

transfer rates k. . may be time dependent; however, we assume that they
%> J

are constants, in which case the model is also time invariant.

The equations describing the linear compartment model are obtained,

from the requirement that the time rate of change of the inventory in a

given compartment is equal to the input flux minus the rate of removal.-

Therefore, from Fig. 1 and Eq. 1, the inventory of a stable material in

,
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7

the ith cespartment as a function of time obeys the first-order ordinary
,

differential equation

-

dY.(t)/dt = Ik(t) + 23 k. .Y.(t) - (23 k.t>J)Y.(t) (2)J> L J . L
.

% % 3pg gg;

For a radioactive material, which we denote by X, the model equation is

dX.(t)/dt = Ii(t) + 23 k. .X.(t) - ()3 k. . + A)X.(t) (3),
L % Ja t J L> J tgg; ggg

where A is the radioactive decay constant. Writing Eq. 2 or 3 for each

compartment for a stable or radioactive aaterial then gives a system of

equations that can be integrated to obtain the compartment inventories

as a function of time, provided the fractional transfer rates are known.

The definitions of the parameters used in the linear compartment

model are summarized in Table 1.

.

.

.

.

J

*
-
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Table 1. Definition of parameters in a ,

#linear compartment mode 1
.

Parameter Units Definition

Y Mass Quantity of stable material in ithg
compartment

X Mass Quanti *.y of radioactive material ing
tth campartment

,

Mass / time Flux of stable material into ith com-
partment from source outside compart-
mental system

Mass / time Flux of radioactive material into ith
compartment from source outside com-
partmental system

N. Mass / time Flux of stable material from ith to
'O Jth compartment

N. Mass / time Flux of radioactive material from ith
'O to jth compartment

-1 -

k. Time Fractional transfer rate for stable or.

'O radioactive material from ith to jth
compartment .

T. Time Mean residence time for transfer of.

*' d stable or radioactive material from
ith to jth compartment (= 1/k. .)

L>J

#Parameters are discussed in Sect. 2.

-

b

1534 OM
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3. PREVIOUS DESCRIPTIONS OF THE GLOBAL IODINE CYCLE

AND I POPULATION DOSE ESTIMATES

.

The abundance and transport of iodine in the environment has been
of interest for many years due to the critical importance of iodine

as a trcce constituent in the human diet. A schematic model of the

global inventories and fluxes for naturally occurring stable iodine

proposed by Miyake and Tsunogai is shown in Fig. 2. Although we do

not use this model explicitly in the present work, aspects of the model

are important for the global model developed in Sect. 4 of this report.

The model in Fig. 2 implies that the hydrosphere is the primary source

cf the iodine circulating in the global environment, even though the

inventory in the lithosphere is much greater. This conclusion also

follows from the observation that the concentration of iodine in soil is
about an order of magnitude larger than the concentration in rock from

which soil is derivid. The model suggests that the flux of iodine

, into the atmosphere via volcanic activity, combustion of fossil fuels,

and transpiration from the terrestrial biosphere is negligible compared

- with evaporation from the ocean. The evaporation rate from the hydro-

sphere to the atmosphere assuned in the model is based on results of

laboratory measurements which showed that iodine escapes from the

ocean surface by photochemical oxidation of iodide ions when exposed to

solar ultraviolet light. This is an important result, because it rules

out physical removal of iodine by evaporating water as the primary
mechanism for transfer from the hydrosphere to the atmosphere. From

data on the evaporation rate of seawater and the concentration of

iodine in the ocean, one can show that the assumption of physical

removal of iodine by evaporating water would result in a flux into the

atmosphere more than a factor of 30 larger than the value given in Fig.

2. Finally, the inventory of iodine in the atmosphere assumed in Fig. 2

implies an atmospheric mean residence time of 2 years, a value con-
'

siderably longer than expected for aerosols or reactive gases. If

this value were correct, it would be reasonable to assume that a release
129

of I to the atmosphere becomes mixed throughout the global atmosphere

before deposition onto the land and oceans occurs. We note, however,

1534 020
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that the measured iodine concentration in the atmosphere on which the

inventory in Fig. 2 is based is more than an order of magnitude larger

*than values obtained from other extensive measurements. The mean
.

residence tir= for iodine in the atmosphere is discussed further in

Sect. 4.5.1.

The specific activity method has often been used to estimate

potential radiation doses to man during chronic releases of I to the

atmosphere. These dose estimates are based on the assumption that

the specific activity (i.e., the activity of I per gram of iodine) in

the human thyroid at any time is the same as the value in the atmos-
phere. This method has the advantage that a detailed consideration of
the transport of I between the dispersing medium and man is avoided.

However, the method does not account for the dynamic behavior in the

environment of I released to the atmosphere; thus, it does not

account for possible time delays between a release to the atmosphere and
deposition in the human thyroid, and it is not appropriate for estimating
doses during the time period after the end of the release but prior to

.

the time the released I reaches equilibrium with the stable iodine
*

- circulating in the environment. The model developed in Sect. 4 of this

report indicates that thousands of years may elapse before a release of
129 I reaches equilibrium in that part of the environment to which man is
exposed.

Two calculations of I dose to the world population using a

linear compartment model to simulate the global transport of iodine have
recently been reported. Kelly et al. estimate doses by assuming'

129
that all of the released I is dispersed immediately into the surface

waters of the ocean. Global circulation is confined to ocean compart-

ments, and fractional transfer rates are estimated from a model for the
global tritium cycle. Population doses are calculated by the specific
activity method. These calculations have the disadvantage that the
global transport of I is not based on known properties of the global

~ transport of stable iodine and, as we have mentioned above, the specific
activity method is not appropriate during the time period of perhaps

,

*
At equilibrium, the specific activity resulting from a given

release is the same throughout the global environment.

1534 022m i
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129
thousands of years before the 1 released to the ocean reaches .

equilibrium with the stable iodine circulating in man's exposure en-

vironment. Bergmar et al. employ a model with atmosphere, land, ocean -

mixed layer, and deep ocean compartments. The model appears to be based
largely on the global iodine cycle of Miyake and Tsunogai (Fig. 2),13
but the fractional transfer rates assumed for the calculations are not

given. Dose estimates of Bergman et al. are compared with those obtained
in the present work in Sect. 7.1.

.

.

.

.
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4. PROPOSED MODEL FOR THE CLOBAL IODINE CYCLE
.

In this section, a linear compartment model for the global iodine.

cycle is developed. In Sect. 4.1, the environmental compartments and
transport pathways assumed in the model are defined. In Sect. 4.2, data

on concentrations of iodine in the environment are examined which are
used to calculate compartment inventories and fluxes between compart-
ments for naturally occurring stable iodine. These results along with
other data and assumptions are used to estimate the fractional transfer
rates for the global iodine cycle in Sect. 4.3. The model equations for

129
calculating I inventories in the environmental compartments as a

function of time after a release are summarized in Sect. 4.4. The

implications of the global model are discussed in Sect. 4.5, particu-

larly the extent to which the fractional transfer rates indicate a need
for local and regional scale models for time periods immediately follow-
ing a release.

.

4.1 Environmental Compartments and Transport Pathways

- for the Global Iodine Cycle

A diagram of the environmental compartments and transfer pathways

for the proposed model of the global iodine cycle is shown in Fig. 3.
The environmental compartments assumed in the model comprise the atmos-

phere, hydrosphere, lithosphere, and terrestrial biosphere. Each

compartment is identified by a numerical label given in the corres-

ponding box in the diagram. The quantities k. . denote the fractional
L> J

transfer rates as previously defined in Table 1.

Because the iodine concentration in the atmosphere over the ocean

is significantly greater than over land, the atmosphere is divided

into separate compartments over the ocean and land. We assume that the
*

two atmosphere compartments mutually exchange iodine. At steady state
the flux of iodine from the ocean atmosphere to the land atmosphere must~

be greater than the flux in the opposite direction, since the ocean is
'

the primary source of iodine on land. The ocean and land atmospheres

*
At steady state, the inventories of stable iodine in all,

'
environmental compartments are constant with time.4 -

1534 0124
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deposit iodine onto the ocean mixed layer and surface soil region,
,

respectively.

- Iodine is assumed to enter the atmosphere by evaporation from the

ocean mixed layer and by gaseous releases from the terrestrial bio-
sphere. We have assumed that evaporation from the surface soil region
to the atmosphere is negligible; this assumption is justified in Sect.

4.3.4.

The ocean is divided into a surface mixed layer with an assumed

depth of 75 m and a deep ocean of depth 3725 m. Iodine is exchanged

between these two compartments, and iodine in the deep ocean also

exchanges with ocean sediments.
Iodine in the surface soil region, assumed to be 1 m in depth, is

removed either by (1) incorporation into the terrestrial biosphere and
subsequent release to the atmosphere, (2) runoff into surface waters and
thence into the ocean mixed layer, or (3) infiltration into the litho-

sphere below the surface. The subsurface lithosphere is divided into a
- shallow subsurface region of depth assumed to be 800 m and a deep

subsurface region between 800 and 4000 m. This subdivision, which is

- somewhat arbitrary, is based on the availability of separate data on
groundwater inventories and circulation rates for the shallow and deep
subsurface regions, and on the assumption that iodine which has'

infiltrated below the surface soil region is transported from the two

subsurface regions into the ocean mixed layer by groundwater flow.
Although a terrestrial biosphere compartment is included in the

model, it will affect the iodine inventories in other compartments only
if the input flux from the surface soil region is significant and if
most of the compartment inventory is transferred to the atmosphere.
Otherwise, the terrestrial biosphere acts only as a shunt for a brief
time period for a small fraction of the iodine in the surface soil
region, in which case the compartment could be neglected in the model.

.

.

1534 026
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4.2 Data for Determining Global Inventories and Fluxes
,

for Naturally Occurring Stable Iodine

.

We assume in this work that the fractional transfer rates between
environmental compartments for the transport of I are the same as the

values for the global circulation of naturally occurring stable iodine.

In this section, data on concentrations of stable iodine in the en-

vironment and other data relevant to the determination of fractional

transfer rates for the global iodine cycle are presented.

A summary of selected data on concentrations and transport of

iodine throughout the global environment is presented in Table 2. With

each set of data, an adopted value used in Sect. 4.3 to estimate frac-

tional transfer rates for the global iodine cycle is indicated. Table 3

gives adopted values of other parameters used in the calculations in

Sect. 4.3. Many of these parameters pertain to the global hydrologic

cycle, since the transport of iodine in some parts of the proposed

global cycle in Fig. 3 results directly from the global circulation of .

water.

Although iodine is ubiquitous in the environment, the data in Table -

2 show that it normally occurs only in concentrations between a few

parts per billion (ppb) and a few parts per million (ppm). Thus, it is

not surprising that the concentration within a given environmental

compartment can vary widely with geographical location. This is par-

ticularly the case for measurements associated with the land portion of

the earth's surface, i.e., concentrations in the land atmosphere,

rainf all on land, river water, and soil. Normally, these concentrations

are considerably greater near the ocean than far inland, which is the

erpeeted result when the ocean is the primary source of globally cir-

culating iodine and atmospheric iodine is deposited relatively rapidly

on the earth's surface. However, the absence of recent glaciation or
the presence of deep mineral springs rich in iodine can produce an-

.

omalously large concentrations in soil and river water far from the

ocean. Man's industrial activities can also have significant effects
,

on local and regional concentrations of iodine, particularly in the

0gS9
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Table 2. Selected measurements on iodine in the environment
.

. Location Concentration References #

Atmosphere 0.2-1200 ng/m 1-9

Land 2-14 ng/m 2

3^5 ng/m
3Ocean 17-52 ng/m 2

A 330 ng/m

Rainwater 0.4-15 pg/ liter 4, 10-14

On land ^1 pg/ liter
On oceans 1-15 pg/ liter 4

^6 pg/ liter
River water 0.1-18 pg/ liter 1, 10, 11,

15, 16

^3 pg/ liter
Seawater 40-65 pg/ liter 15, 17

Ocean mixed layer ^50 pg/ liter'

D2ep ocean ^60 pg/ liter
Ocean sediments # 40-250 ppm 15

A
100 ppm

Soil 0.6-18 ppm 11, 15
A

5 ppm
#Rock 0.5 ppm 18

Terrestrial biosphere ^0.1 ppm 19

Fraction of iodine in
terrestrial biosphere

A
released to atmosphere 0.1 20, 21

^ Adopted value.

#
References appear on the following two pages.

- 1 pg/ liter in water is equivalent to 1 ppb.

#
Recent ocean sediments; range of values does not

include sedimentary rock in the lithosphere.*

?''
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.

Table 3. Miscellaneous data relevant to the global iodine cycle

.

Parameter Value Reference

19
River kater flow 3.23 x 10 g/ year 1

Precipitation rate 2

20On land 1 x 10 g/ year
0

On oceans 3.2 x 10 g/ year

Fraction of river flow 2

From surface runoff 0.83

From shallow groundwater flow 0.17

From deep groundwater flow 0.0033

Earth's surface area 3

14 2
Land 1.49 x 10

14 2
Oceans 3.61 x 10 m

-4
Ocean sedimentation rate 2 x 10 cm/ year 4

I
Terrestrial biomass 1 x 10 g 5

'

16
Net primary production rate 5.2 x 10 g/ year 5

.
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of Ccochanistry, ed. by K. H. Wedepohl, Springer-Verlag, Berlin,
1974.

4. H. U. Sverdrup, M. W. Johnson, and R. H. Fleming, The
Oceans, Prentice-Hall, New York, 1942.

5. J. S. Olson, " Productivity of Forest Ecosystems,"
p. 33 in Productivity of W'rld Ecosystems, ed. by D. E. Reichle,o
J. F. Franklin, and D. W. Goodell, National Academy of Sciences, -

Washington, D.C., 1975.
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atmosphere.12,25,26 These observations lead to tne conclusion that
'

there is likely to be considerable uncertainty in estimating worldwide

average values for iodine concentrations in some of the environmental
.

compartments from measurements taken at a limited number of locations.

Except for the iodine concentrations in the land atmosphere and in

rainfall on land, the adopted values given in Table 2 are our estimated

average values based on the data available in the literature. The

concentration in the ocean atmosphere is based on data collected on
6

oceanographic cruises. The value for rainfall on the ocean is based

on measurements near sea level in Hawaii. The adopted concentration

in river water is within the range of values suggested by Goldschmidt.

The adopted concentration in soil is based on data cited by Brchler and

Fuge, which is mostly from the Soviet Union, and is a factor of 2.5

larger than an estimate based on soil samples in western Europe.

Because reliable values of average iodine concentrations in the

land atmosphere and in rainfall on land are particularly difficult to

determine from the wide range of measured values, we have obtained the
,

adopted values indirectly by requiring a balance between the flux of

. iodine from the land atmosphere onto the land surface via deposition and

the flux from the lithosphere into the ocean via river flow since,

presumably, the inventory of circulating iodine in the lithosphere is at

steady state. As noted previously by Bolin,28*
the measured concentra-

tions of iodine in rainfall on land and in river water combined with the

known precipitation rate on land and river flow into the ocean are

consistent with the conclusion that the net transfer of iodine from the

atmosphere to land occurs primarily by the process of wet deposition and

that no significant net dry deposition occurs. According to Bolin,

dry deposition of iodine is a process occurring near the ground surface

in which iodine is deposited on vegetation and the soil but is then

returned to the atmosphere within a few tens of days by mechanisms

similar to ordinary condensation and evaporation. Therefore, the net
.

*

Comparison of gdine concentrations in soils in glaciated and
nonglaciated regions suggests that the iodine content in soils mav,a

on the average, be slowly increasing with time rather than at steady
state. Thus, the flux of iodine onto land may be somewhat greater than
the flux in river flow.

U 1534 032- o
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flux from the atmosphere to land by dry deposition is very much less ,

than the gross transfer in either direction.

For our analysis, therefore, we assume that the rate of removal -

of iodine from land into the ocean by river flow is balanced by the

flux of iodine from the atmosphere to land in precipitation. With this

assumption, we then obtain the adopted value for the concentration of

iodine in rainfall on land, a result that is within the range of measured

values at locations away from the ocean. ~ The adopted concentration

in the land atmosphere is obtained by assuming that the ratio of the

concentration in the atmosphere to the concentration in raiawater is the

same over land and ocean. The value so obtained is in excellent agree-

ment with the average of values measured at several locatinns by Brauer

et al.16 and with other recent data
-

which do not appear to be'

unduly influenced by proximity to the ocean or by industrial activity.

4.3 Fractional Transfer Rates for the Global Iodine Cycle

The fractional transfer rates between the various environmental
.

compartments for the glotal iodine cycle depicted in Fig. 3 are based as
-

much as possible on the available data on stable iodine in the environ-

ment given in Table 2 and discussed in Sect. 4.2. For the most part,

the fractional transfer rates are estimated by using Eq. 1, i.e., dividing

a flux by a compartment inventory at steady state.

4.3.1 Transfers from ocean atmosphere to ecean mixed layer and from

land atmosphere to surface soil region

Estimation of the inventory of iodine in the atmosphere from

measurements of concentrations at the earth's surface is an uncertain
procedure because the mixing ratio (mass of iodine per unit mass of dry

air) as a function of altitude is not known. The vertical distribution
in the atmosphere would be quite different for iodine attached to

particulates, attached to water vapor, or in gaseous form. The
'

measurements of Brauer et az. 6 have shown that the amount of iodine in
gaseous form is approximately 2.5 times greater than the amount attached ,

to aerosols for both the ocean and land atmospheres. Therefore, we make

the simple assumption that the mixing ratio for iodine is independent of

'
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altitude, as it would be for an ideal gas. This assumption was also
'

used by Miyake and Tsunogai to obtain the atmospheric inventory in

Fig. 2. Using ocean and land surface areas from Table 3 and a height of
,

7.7 km for a " homogeneous" atmosphere (i.e., the height for an atmo-
sphere with constant density equal to the value at sea level), the

iodine inventories in the ocean and land atmosphere compartments are
then estimated to be

-8 3 1 2Y = (3 x 10 g/m )(3.61 x 10 m )(7.7 x 10 m)1

10 (4)= 8.3 x 10 g ,

Y = (5 x 10 ' g/m )(1.49 x 1014 ,2)(7.7 x 10 m)-

2

9
= 5.7 x 10 g (5).

From the discussion in Sect. 4.2, we have assumed that the flux

from the atmosphere to the ocean and land surfaces is given by the flux
of iodine in precipitation. Therefore, from Eq. 1 and from data in-

Tables 2 and 3, the fractional transfer rates are

.

k ! = (3.2 x 10 g/ year)(6 x 10 )/(8.3 x 10 g)l,3 " ,3 1

-I= 23 year (6),

! = (1 x 10 g/ year)(1 x 10-9)/(5.7 x 109k g2,4 " ,4 2

= 17 year" (7).

4.3.2 Transfers to and from the terrestrial biosphere .

For the surface soil region, we assume an average soil density of

1.4 g/cm . The iodine inventory in the surface coil region of depth 1 m
is then given by

.

Y = (1.4 g/cm )(5 x 10-6)(1.49 x 1014 6 cm 7,3)3
m )(1 m)(104

15= 1. 0 x 10 g. (8)
i
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The iodine inventory in the terrestrial biosphere is
.

11
7 = (1 x 10 g)(1 x 10~ ) - 1 x 10 8 (9)-

5
.

Therefore, using the net primary production rate for the terrestrial

biosphere and the iodine concentration therein, the fractional transfer
rate from the surface soil region to the terrestrial biosphere is

4,5 " 5 4

6 15= (5.2 x 10 g/ year)(1 x 10~ )/(1.0 x 10 g)

-6 ~1 (10)= 5.0 x 10 year .

Since 10% of the iodine in the terrestrial biosphere is assumed to be

released to the atmosphere and the remaining 90% returned to the surface
soil region, the fractional transfer rates from the terrestrial bio-

,

sphere are

.

5,2 " ,2 5

* (5.2 x 10 g/ year)(1 x 10-7)(0.1)/(1 x 101116 g)

= 5. 2 x 10~ -1 (11)year ,

(12)k = 4. 7 x 10 yearS,4 " 5,2
.

4.3.3 Transfer from ocean mixed layer to ocean atmosphere

For a density of seawater of 1 g/cm , the iodine inventory in the
ocean mixed layer of depth 75 m is

y *
3" E * *

'

15
= 1.4 x 10 g. (13)

*
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At steady state, the flux of iodine into the atmosphere is equal to the
*

flux from the atmosphere to the earth's surface. Therefore, from Fig.

3, the evaporation rate from the ocean mixed layer to the ocean atmos-
.

phere is

1,3+bI Y-FF =F *2,4 5,23,1

The fluxes on the right-hand side of this equation are given in the

numerators in Eqs. 6, 7, and 11. Thus,

11
(1.9 x 10 g/ year) + (1.0 x 10 g/ year)=

- (5.2 x 10 g/ year)

= 2.0 x 10 g/ year . (14)

We note that the contribution from the terrestrial biosphere is negli-

gible. The fractional transfer rate is then

!3,1 " ,1 3
1 15(2.0 x 10 g/ year)/(1.4 10 g)=

,

= 1.5 x 10~ -1 (15)year .

4.3.4 Evaporacion rate from land surface to atmosphere

We can now verify the assumption made in the global model in Fig. 3

that the evaporation of iodine from the land surface to the atmosphere

is negligible. The total amount of water in lakes and rivers is

approximately 2.3 x 10 km . With an assumed average concentration of 3
pg/ liter, the iodine inventory is approximately 7 x 10 g. If the

fractional transfer rate from surface waters on land to the atmosphere

is assumed to be the same as the value for transfer from the ocean mixed
layer to the stmosphere given in Eq. 15, then the flux of iodine from

9
the land surface is approximately 1 x 10 g/yem a de h is oQ

-

1% of the flux from the atmosphere to the land surface.

_
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4.3.5 Transfers between ocean and land atmospheres
,

Since the flux from the terrestrial biosphere to the atmosphere is

negligible compared with the other fluxes to and from the atmosphere .

(see Eq. 14), the net flux from the ocean atmosphere to the land atmosphere
must equal the flux from the land atmosphere to the surface soil region.

Therefore,

(2 - 1 l,2 l 2,1 2
U=k I -k I = 1.0 x 10 g/ year, (16)

where the net flux is given by the numerator in Eq. 7. In order to

relate the two fractional transfer rates, we assume that the mean

residence time (i.e., the reciprocal of the fractional transfer rate) in

the land atmosphere for transfer to the ocean atmosphere is proportional

to the land surface area, and similarly for the ocean atmosphere.

Therefore,

14 2k /k = (3.61 x 10 m )/(1.49 x 1014 ,2) = 2.4
2,1 l,2 .

,

The fractional transfer rates are then obtained from Eq. 16 as
.

11 10 9k = (1.0 x 10 g/ year)/[(8.3 x 10 g) - (2.4)(5.7 x 10 g)]l,2

= 1.4 year- (17),

-1k = 2,4k = 3.5 year (18).2J 2

4.3.6 Transfers between ocean mixed layer and deep ocean

There are no data on the fluxes of iodine between the ocean mixed
layer and deep ocean. We assume, therefore, that data on carbon can be

used. According to Oeschger et al,., the mean residence time for
carbon in the deep ocean is 1127 years, so that the fractional transfer

rate from deep ocean to ocean mixed layer is

4 4k - 1/(1127 years) = 8.9 x 10 year (19) -

6,3 .

The fractional transfer rate from ocean mixed layer to deep ocean is
_

obtained by requiring the iodine b entory in the mixed layer to be at

steady state. From Fig. 3, this condition gives

1534 037
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/ -f *3,6 6,3
,

_3 that
.

k -ko,3 Y3 *g

The iodine .entory in the deep ocean of depth 3725 m is

Y = (6 x 10 gfc,3)(3.61 x 1014 ,2)(3.725 x 10 m)(10-8 6 c ,3 ,3)76

6
= 8.1 x 10 8 (20)

*
.

Therefore, using Eqs. 13 and 19, we obtain

-4 -1)(8.1 x 1016 15k = (8. 9 x 10 year g)/(1.4 x 10 g)
3,6

-2 ~1
= 5.3 x 10 year (21).

4.3.7 Transfers between deep ocean and ocean sediments

Assuming an ocean sediment density of 2.5 g/cm (dry weight), and a
sediment deposition rate and iodine concentration in sediments given in,

Tables 2 and 3, the flux of iodine in sedimentation is

[6,,,=(2x10 cm/ year)(2.5 g/cm )(1 x 10~0)(3.61 x 1014 ,2)
4 3

x (10 cm /m )

11
= 1.8 x 10 g/ year .

The fractional transfer rate from deep ocean to ocean sediments is then

Uk /I = (1.8 x 10 g/ year)/(8.1 x 10 g)6,7 " ,7 6

-6 -1
= 2.2 x 10 year (22).

In the global model in Fig. 3, we have assumed that iodine in
.

sedimentary rock on land is not accessible to global circulation.

,
Therefore, the ocean sediments compartment contains only that iodine

which has been deposited relatively recently on the ocean floor. We

assume that iodine is returned from ocean sediments to deep ocean. This

- 1534 038>
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flux is not known, but we can estimate the fractional transfer rate from
^

the measurement of Shishkina and Pavlova that the iodine concentration

is roughly a factor of 2 less at a depth of 7 m than at the top of the
,

sediment layer. Assuming that the iodine concentration decreases
exponentially with time after deposition and using the sedimentation
rate in Table 3, the fractional transfer rate from ocean sediments to

deep ocean is then obtained from the equation

1/2 = exp[-k7,6( cm)/(2 x 10 cm/ year)]x

.0 x 1[ yea [ (20k = .

7,6

4.3.8 Transfers from surface soil region to ocean mixed layer, shallow

subsurface regien, and deep subsurface region

From Table 3, we assume that 83% of river flow ia runoff from the
surfar.e soil region, 17% results from circulation of groundwater from

the shallow subsurface region, and 0.33% is groundwater flow from the
.

deep subsurface region. Measured iodine concentrations in subsurface and
spring waters show wide variations from less than 1 ppb to several

.

'

ppm, so that it is very difficult to estimate a reliable wteldwide

average value for the iodine concentration in groundwater. Therefore,
we make the simplest assumption that the iodine concentration is the
same in all three sources of river flow and is given by the value in

Table 2.

If we define as the flux of iodine in river flow, then, from

Tables 2 and 3,

19 10
= (3.23 x 10 g/ year)(3 x 10-9) = 9.7 x 10 / en ,

and the fractional transfer rates from the surface soil region to the

ocean mixed layer, shallow subsurface region, and deep subsurface region
are given by

.

=(0.83)h4 .

k 4,3

10 1= (0.83) (9. 7 x 10 g/ year)/(1.0 x 10 g)
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-5 -l
= 7.7 x 10 (24),

,

-5 ~1
=(0.17MgY (25)= 1.6 x 10 year ,

44,8
.

yea [ (26))[gYk = (3.3 x 10 = 3.1 x 10 .

44,9

4.3.9 Transfers from shallow and deep subsurface regions to ocean mixed

layer

The iodine in the lithosphere below the surface soil region may be
divided into accessible and inaccessible pools with regard to movement

into groundwater and thence into the ocean mixed layer. The accessible
pool consists of iodine that has infiltrated into the region below the
surface via downward percolation of rainwater plus iodine that has been
leached from rock by the percolating water. The inaccessible pool
consists of iodine bound in rock which is essentially impermeable to

water.

At steady state, the fluxes of iodine from the shallow and deep
- subsurface regions into the ocean mixed layer resulting from the down-

ward percolation of water from the surface soil region are obtained from
- the numerators in Eqs. 25 and 26 as 1.6 x 10 g/ year and 3.1 x 10

g/ year, respectively, for a total flux of 1.6 x 10 g/ year. The iodine

content in groundwater flow from weathering of rock is estimated from
15

the weathering rate of rock, 2 x 10 g/ year, and the iodine con-
centration in the earth's crust, 0.5 ppm from Table 2, as 1 x 10

g/ year. Thus, the iodine flux into the ocean mixed layer from leaching
of iodine in rock is estimated to be an order of magnitude less than the

iodine flux from infiltration from the surface soil region. Therefore,

we assume for the purposes of this model that all iodine in rock is
inaccessible to removal by groundwater flow, and we define the shallow

and deep subsurface regions of the lithosphere in Fig. 3 as consisting
entirely of iodine that has infiltrated from the surface soil region.
The fractional transfer rates from the shallow and deep subsurface

.

regions can then be estimated from the mean time required for infiltration
of iodine from the surface soil region to the groundwater in each sub-

,

surface region plus the mean time required for the flow of iodine in
groundwater into the ocean mixed layer.
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If we assume saturated flow for the percolating water below the
,

surface soil region, the average downward flow velocity of iodine can be
6

estimated from the equation .

V = V /Il + IPK 0)] (27)7 u d ,

where V and V are the velocity of iodine and water, respectively, in
7 g

m/ year, p is the density of the porous medium in g/cm , 0 is the porosity
of the medium, and K is the distribution coefficient in ml/g. Thed

is the ratio of iodine concentration in the solid phase toquantity Kd
the concentration in solution, and the denominator in Eq. 27 is called

the retardation factor.

Some of the parameters in Eq. 27 are not well known for percolation
through the rock deep in the earth's crust. For this analysis, we
assume an average downward water flow velocity of 0.5 m/ year, a rock

density of 2.5 g/cm , and an average porosity of 10%. From measurements
of Wildung et d. , we assume an average distribution coefficient for

*

iodine of 10 ml/g. Therefore, the retardation factor is estimated to be

3 3R.F. = 1 + (2.5 g/cm )(10 cm /g)/(0.1) = 250 (28) -

,

and the downward flow velocity for iodine is

-3V = (0.5 m/yaar)/(250) = 2 x 10 m/ year (29).

7

The average time required for the infiltrating iodine to reach

groundwater is the average distance to groundwater divided by the
average flow velocity. We make the simplest assumption that groundwater
is uniformly distributed with depth in the shallow and deep subentface
regions, so that the average depth of groundwater is 400 m and 3 m,

respectively. Therefore, the mean transit times for iodine to reach

groundwater, Ty, in the shallow (s) and deep (d) regions are
8 5T = (4 x 10 m)/(2 x 10~ m/ year) = 2 x 10 year (30) .,

6T = (2.4 x 10 m)/(2 x 10- m/ year) = 1.2 x 10 year (31).
,
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The mean residence times for groundwater in the shallow and deep

subsurface regions are 200 years and 10,000 years, respectively.

Therefore, using the retardation factor for iodine from Eq. 28, the
,

average times for iodine in groundwater to reach the ocean mixed layer,

2, f r the two compartments areT

8 4
(32)T = (2 x 10 year)(250) = 5 x 10 year ,

6
(33)T = (1 x 10 year)(250) = 2.5 x 10 year .

The estimated fractional transfer rates for iodine from the shallow

and deep subsurface regions to the ocean mixed layer are then given by

k - 1/(T +T ) = 1/(2 x 10 year + 5 x 10' year)5

8,3

-6 ~1
(34)= 4.0 x 10 year ,

=1/(Tf+Tf)=1/(1.2x10
6 6

k year + 2.5 x 10 year)
9,3

.

,
= 2.7 x 10- -1

(35)year .

4.4 Model Equations for Global Circulation of I

Released to the Environment

From the proposed model of the global iodine cycle shown in Fig. 3
and from the general form of the model equations given in Eq. 3, the

1
system of equations for obtaining the inventory of I as a function of

time in each of the environmental compartments is as follows:

Ocean atmosphere

2,1 2(t) + k3,1 3(#)dX (t)/dt = (t) + k Xy

(36)- (kl,2 + k1,3 + A)X (t) ,

1
.

f .

( / / \
| }
; - .
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Land atmosphere
_

dX (r)/dt = [2(b) + k l,2 y(t) + k5,2 5(#)X
2

.

- (k2,1 + 2,4 + ) 2(b) (37),

Ocean mixed layer

dX (t)/dt (t) + kl,3 1(#) + 4,3 4(#) + 6,3'6(#) + 8,3 8(#}=

3

+k g,3 9(t) - (k3,1 + k3,6 + A)# (t)X (38),
3

Surface soil region

dX (t)/dt = (t) + k2,4 2(t) + k5,4 5(#) - ( 4,34

4,5 + 4,8 + 4,9 + ) 4(t) (39)+ ,

Terrestrial biosphere

~

dX (t)/dt = (t) + kl. ,5'4 (t) - (k5,2 + k5,4 + ) 5(t) (40)5

.

Deep ocean

dX (t)/dt = (t) + k3,6 3( ) ~ ( 6,3 + 6,7 + )'6(#) ( }6 '

Ocean sediments

dX (t)/dt = (t) + k6,7 6(#) ~ ( 7,6 + } 7(*} (' }7 '

Shallow subsurface region of lithosphere

dX (t)/dt = (t) + k4,8 4(#) - ( 8,3 + )'8(#) ( )8
*

Deep subsurface region of lithosphere

dX (t)/dt = (t) + k 9 4( ) - (k9,3 + } 9(*}X ( }*
9

.
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The symbols in these equations are defined in Sect. 2 and Table 1. In
"

our calculations, iodine inventories are given in grams and fluxes in
g/ year. We allow an arbitrary time-dependent input function for each

.

compartment. It is important to bear in mind that the model calculates

only the compartment inventories resulting from the specified input
function and does not include contributions from any other sources. For
anthropogenic sources, the only non-zero input functions will normally
be those for the atmosphere, ocean mixed layer, or surface soil region.
For an application such as natural production of I, input functions

for most of the other compartments should also be included.
Implicit in the model equations is the assumption that the in-

ventories of naturally occurring stable iodine in each of the environ-

mental compartments are at steady state. Although volcanic releases and
industrial activities such as burning of fossil fuels are undoubtedly
increasing the inventory of iodine circulating in the environment, there
are insufficient data upon which to estimate future trends. Conse-

quently, we assume as in Fig. 2 that such increases will be relatively
insignificant. We have also ignored increases in the global
inventory resulting from leaching of iodir e in rock (see Sect. 4.3.4),

and the possibility that the iodine inventory in the surface soil region
11

is not at steady state.

The fractional transfer rates for the global iodine cycle derived
in Sect. 4.3 and the mean residence times for iodine in the environ-
mental compartments are summarized in Table 4. The compartment inventories

and fluxes at steady state for naturally occurring stable iodine are
summarized in Table 5 and are shown in Fig. 4. The inventories in the

ocean sediments and in the shallow and deep subsurface regions of the
lithosphere are estimated using Eq. 1 for both the input and output
fluxes.

4.5 Implications of the Global Model
.

In this section, we discuss some of the properties of the global
~

iodine cycle on the basis of the results given in Tables 4 and 5.

A o| 1534OW8



Table 4. Mean residence times and fractional transfer rates for global iodine cycle

Mean residence Fractional tgansfer Value
Compartment time (year) rate to (year y)

Ocean atmosphere 4.1 x 10- Land atmosphere 1.4

Ocean mixed layer 2.3 x 10
-2Land atmosphere 4.9 x 10 Ocean atmosphere 3.5

Surface soil region 1.7 x 10
-3- Ocean mixed layer 1.8 x 10 Ocean atmosphere 1.5 x 10

Deep ocean 5.3 x 10-
Surface soil region 1.0 x 10 Ocean mixed layer 7.7 x 10

-6
Terrestrial biosphere 5.0 x 10

"-5 *'Shallow subsurface region 1.6 x 10
-7

Deep subsurface region 3.1 x 10
1 -3Terrestrial biosphere 1. 9 x 10 Land atmosphere 5.2 x 10

Surface soil region 4.7 x 10-
Deep ocean 1.1 x 10 Ocean mixed layer 8.9 x 10-

-6Ocean sediments 2.2 x 10
6Ocean sediments 5.0 x 10 Deep ocean 2.0 x 10-
5 -6Shallow subsurface region 2.5 x 10 Ocean mixed layer 4.0 x 10
6

Deep subsurface region 3.7 x 10 Ocean mixed layer 2.7 x 10-

#
Values are derived in Sect. 4.3 for the global iodine cycle shown in Fig. 3.

-
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Fig. 4. Global inventories and fluxes for naturally occurring
stable iodine proposed in this work (see Sect. 4).
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Particular attention is given to the need for local and regional scale

models to describe the transport of I following a release.

.

4.5.1 Mean residence time for iodine in the atmosphere

From Table 4, the mean residence time for iodine in the atmosphere
is approximately 15 days. This value is much less than the mean residence
time of 2 years proposed by Miyake and Tsunogai in Fig. 2. The latter

value is based on an average iodine concentration in the atmosphere of
160 ng/m measured in Tokyo, Japan, which is much larger than the values
we have adopted in Table 2 from the measurements of Brauer et al. It

seems unlikely that the average concentration over the earth's surface
could be greater than values measured in the ocean atmosphere. We note
that the value of Miyake and Tsunogai may be an unreliable indicator of
worldwide average conditions, since it is based on measurements in a
location of high industrial activity.

For an atmospheric mean residence time of 15 days and assuming an

average wind speed of 3 m/sec at the earth's surface, we estimate that a
.

release of iodine to the atmosphere from a point source would travel a
distance of 4000 km before half of the release is deposited on the

.

earth's surface, a distance that is only one-tenth of the circumference
of the earth. Therefore, the model indicates that mixing of iodine
throughout the global atmosphere for a release to the atmosphere from a
point source is not likely te occur prior to deposition, so that the
resulting distribution on the earth's surface will be highly nonuniform.
The need for regional-scale dose assessments for such cases is thus

indicated.

4.5.2 Mean residence time for iodine in the surface soil region

A surprising consequence of the global transport model proposed in
this report is the mean residence time for iodine in the surface soil
region, which, from Table 4, is approximately 10,000 years. This value
is more than two orders of magnitude larger than expected on the basis

,

1
of a mean residence time for water of 0.2 years and the range of

measured distribution coefficients for iodine in soils. In order for
.

the value obtained from the present analysis to be too large by a factor

'.
'$

1534 048



38

of 100, the values of the iodine concentration in river water (and also
.

the balancing flux from the atmosphere to the land surface) and the

iodine concentration in soil would each have to be a factor of 10 too
.

large, which does not seem reasonable from the available data. It

appears that naturally occurring iodine is relatively easily fixed in

soil and is transported relatively slowly to other parts of the en-

vironment.

An important consequence of the mean residence time in the surface

soil region is that a localized release of I to the land surface will

not enter into global circulation for 10,000 years or more on the

average, so that local or regional scale models would be needed during

this considerable time span. The 10,000-year mean residence time in
soil is also indicative of the time required for a release of I to

reach a state of near equilibrium with the natural iodine circulating in

the environmental compartments to which man is exposed.

4.5.3 Mixing of iodine in the oceans

129 '

The model assumes that a release of I into surface waters is in-

stantaneously and uniformly mixed throughout the ocean mixed layer.
.

This is certainly not the case for a release from a point source. A

proper treatment of global transport for such a release would have to

account for mixing times throughout the oceans. Available data indicate

that 1000 years or more may be required for such mixing to occur.

4.5.4 Importance of the terrestrial biosphere

In the model summarized in Tables 4 and 5, the inventory of stable

iodine in the terrestrial biosphere and the flux from the terrestrial

biosphere to the atmosphere are sufficiently small that the inclusion of

the terrestrial biosphere compartment has negligible consequences on the
iodine inventories in any other compartment. Therefore, this compartment

could just as well be excluded from the model. We have nonetheless

chosen to include the terrestrial biosphere because of the possibility

suggested by some measurements that the assumed iodine concentration

of 0.1 ppm in Table 2 is more than an order of magnitude too low and
,
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the possibility that the fraction of iodine released to the atmosphere
.

is greater than the assumed value of 10%.

'

4.5.5 Role of ocean sediments and subsurface regions of the lithosphere
in the global iodine cycle

The mean residence times given in Table 4 for iodine circulating in
ocean sediments and in the subsurface regions of the lithosphere are

6between 2.5 x 10 and 5 x 10 years. The values for ocean sediments and
the deep subsurface region are within an order of magnitude of the mean

129
lifetime for decay of I. These compartments then act as sinks in the

global iodine cycle because they retain iodine for long periods of time

in compartments not normally accessible to man. By far the most im-

portant sink is ocean sediments, since relatively little of the iodine

is circulating through the deep subsurface region of the lithosphere.

If the mean residence time in ocean sediments were an order of magnitude
larger than the value estimated in Table 4, most of the 129' entering

.

the compartment would decay before returning to the deep ocean.

S

e
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5. INTAKE OF I BY A REFERENCE INDIVIDUAL
.

AND POPULATION DOSE

.

In order to calculate individual dose rates and cumulative in-

dividual and population doses as a function of time following a release

of I, the inventories of 'I in the environmental compartments

calculated from Eqs. 36-44 are combined with a model for the intake of

iodine by a reference individual and an estimate of the world population

at future times. In this section, the methods used to estimate average

iodine intake, average dose rates from a release of 'I, and population

dose are described.

The model of the global iodine cycle developed in Sect. 4 suggests

that a period of more than 10,000 years is required for a release of
129

I to reach equilibrium with the natural iodine circulating in the

parts of the environment to which man is normally exposed. Prior to

equilibrium, a specific activity calculation based on I and stable

. iodine inventories in a chosen environmental compartment is not ap-

propriate. We must consider instead the intake of iodine from all of

the compartments accessible to man; i.e., a pathway analysis is re-.

quired. In Sect. 5.1, estimates of the intake of stable iodine by a

reference individual from the different environmental compartments are
129given. In Sect. 5.2, the dose rates for intake of 1 from the com-

partments are derived. The methods used to estimate world population

and the population doses and dose commitments are given in Sect. 5.3.

5.1 Intake of Stable Iodine from Environmental Compartments

by a Reference Individual

It is very difficult to estimate reliably worldwide average values

for the intake of stable iodine from the different environmental com-

partments because of wide variations in typical diet, iodine content in

,
foods, and extent of artificial iodine supplements in the diet. Our

approach has been to estimate an average diet from available data for

g dif ferent geographical regions and to calculate iodine intake for this.

d iet from a pathways model given in the literature.

'
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In this analysis, we assume that the environmental compartments
.

from which man receives intake of iodine include the atmosphere, land
surface waters, ocean mixed layer, and the surface soil region. We have

,

ignored iodine supplements in the human diet and in livestock feeding.

Since many of these supplements are taken from minerals in the earth's
crust which are presumably not accessible to I in global circulation,

their omission from the average diet probably results in an overestimate

of the dose from 'I. The effect of iodine supplements on intake by

man can be quite striking. As an example, the natural iodine concen-

tration in milk is normally less than 100 pg/ liter, whereas milk from

cows receiving lodine supplements can have concentrations an order of

magnitude larger. We note also that because of the extensive use of

iodine supplements in the human diet, livestock feed, and fertilizer in

this country, surveys of iodine content in food in the United States

mcy not provide accurate worldwide average values.

5.1.1 Assumed average diet for a reference individual

Based on current levels of world population in Asia (59%), Africa
.

(10%), Latin America (5%), Europe (16%), North America (9%), and Oceania
(1%), and on average food consumption rates estimated for people in

different regions of the world in Table 122 of Reference Man, we

obtain the estimates of average intake of foods by a reference indi-

vidual given in Table 6. The division of the intake between leafy

vegetables and other vegetables, fruits, and nuts is based on dietary

data for the United States used by Book et al. The assumed intake of

fluids exclusive of milk is based on data given in Reference Man.

5.1.2 Intake of stable iodine from the atmosphere

We assume that intake of iodine from the land atmosphere results

from inhalation and from incorporation into milk, meat, and other foods

following foliar deposition.

For inhalation, we assume an air intake rate of 2.2 x 10 liters /

day. Therefore, since we assume an iodine concentration in the land
3atmosphere from Table 2 of 5 ng/m ,

.
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Table 6. Assumed intake of foods by a reference individual"
.

,

Type of food Intake (kg/ day)

Milk 0.26

Meat 0.070

Leafy vegetables 0.080

Other vegetables, fruits, and nuts 0.25

Cereals ,0.38

Fish 0.023

Other foods 0.28

Fluids excluding milk 1.4

#Values are estimated as described in Sect. 5.1.1.

-9 3
Iodine inhalation rate = (2.2 x 10 liters / day)(5 x 10 g/m )

x (10 m / liter)(365 days / year)
-5

. = 4.0 x 10 g/ year (45).

For foliar deposition, Soldat and Book et al. recommend the

following values of iodine concentrations in food relative to the

3
concentration in the atmosphere in units of m /kg: milk, 1.25 x 10 ;

meat,1.6 x 10 ; leafy vegetables, 2.9 x 10 : other vegetables and

fruits, 2.9 x 10 ; and cereals, 5.4 x 10 . Hoffman has recommended

that these values should be increased by a factor of 4 to account for an

inappropriate application of the interception fraction for the deposited

iodine. On the other hand, Chamberlain and Chadwick report that the

deposition velocity for natural iodine is a factor of 4 less than the
45value of 1 cm/sec assumed by Soldat. Therefore, we assee h de

concentration factors given above are reasonable values to use for the

intake of natural iodine. Combining these values with the dietary

intake for each type of food given in Table 6 and using 5 ng/m as the

iodine concentration in the atmosphere, we obtain the following result:
,

1534 053
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Iodine intake rate from foliar deposition =
.

1. 7 x 10~ g/ year (46).

.

Intake via foliar deposition is thus much more important than intake via

inhalation.

5.1.3 Intake of stable iodine from land surface waters

For intake of iodine from land surface waters, we consider direct

ingestion of fluids by man, ingestion of freshwater fish, and ingestion

of water by dairy and beef cattle leading to iodine in milk and meat.

From Table 6, we assume a fluid intake rate exclusive of milk of

1.4 liters / day. Assuming that the average iodine concentration in fluids

is the same as the concentration in river water (3 pg/ liter from Tabic

2), we obtain

Iodine intake rate from direct ingestion of fluids =

-6(1.4 liters / day)(3 x 10 g/ liter)(365 days / year)

-3= 1. 5 x 10 g/ year (47).

For ingestion of freshwater fish, we assume an intake of half of
,

the average intake of fish given in Table 6 and an iodine concentration

factor for freshwater fish of 200 liters /kg. Therefore,

Iodine intake rate from freshwater fish =

1/2(2.3 x 10~ kg/ day)(2 x 10 liters /kg)(3 pg/ liter)

(365 days / year) = 2.5 x 10~ g/ year (48)x .

For transfer of iodine to milk and meat following ingestion of

water by dairy and beef cattle, we assume a water intake rate of 40
liters / day and 60 liters / day for beef and dairy cattle,49 respectively,
and transfer coefficients of 7 x 10~ day /kg for iodine in meat and

1 x 10~ day / liter for iodine in milk. The assumed intake of milk

and meat by man is given in Table 6. Therefore,
.

Iodine intake rate from surface waters via milk =

-2(60 liters / day)(3 pg/ liter)(1 x 10 day / liter) -

~4(0.26 liters / day)(365 days / year) = 1.7 x 10 g/ yearx
,

(49)
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Iodine intake rate from surface waters via meat =

-3(40 liters / day)(3 pg/ liter)(7 x 10 day /kg)(0.07 kg/ day)

-3(365 days / year) = 2.2 x 10 g/ year (50)- x .

The intake by man from ingestion of water by livestock is seen to be
relatively small.

Combining Eqs. 47-50, the total iodine intake rate by this pathway
is

Iodine intake rate from land surface waters =
-34. 2 x 10 g/ year (51).

5.1.4 Intake of stable iodine from ocean mixed layer

We assume an intake of half of the average intake of fish given in

Table 6 and an average concentration factor for iodine in saltwater fish

and shellfish of 30 liters /kg. From Table 2, the average iodine

concentration in the ocean mixed layer is 50 pg/ liter. Therefore,

- Iodine intake rate from ocean mixed layer =

11/2(2.3 x 10- kg/ day)(3 x 10 liters /kg)(50 pg/ liter)
.

-3x (365 days / year) = 6.2 x 10 g/ year (52).

5.1.5 Intake of stable iodine from surface soil region

Intake of iodine in soil by man results from direct consumption of
iodine in plants following root uptake and from ingestion of milk and
meat following consumption of forage by dairy and beef cattle. From

Table 2, we assume an average iodine concentration in plants of 0.1 ppm.
This value is consistent with a concentration factor of 0.02 adopted by

51
Soldat and the Nuclear Regulatory Commission and with the assumed

iodine concentration in soil of 5 ppm given in Table 2.

For transfer of iodine to milk and meat following ingestion of

forage by livestock, we assume a forage consumption rate of 55 kg/ day.
Therefore, using the intake rates by man in Table 6 and the transfer-

coefficients tor livestock given in Sect. 5.1.3, we obtain

1534 055-
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Iodine intake rate from soil via milk =
.

(55 kg/ day)(1 x 10 ' g/kg)(1 x 10 day /kg)-2~

-3(0.26 kg/ liter)(365 days / year) = 5.1 x 10 g/ year, (53)
~

x

Iodine intake rate from soil via meat =

-4 -3(55 kg/ day)(1 x 10 g/kg)(7 x 10 day /kg)

x (0.07 kg/ day)(365 days / year) = 9.9 x 10 ' g/ year. (54)
-

From Table 6, the total intake of foods exclusive of milk, meat,

and fluids is 1 kg/ day. If this intake contains 0.1 ppm iodine from

root uptake, then

Iodine intake rate from soil via root uptake =

-4(1 kg/ day)(1 x 10 g/kg)(365 dcys/ year)

= 3. 7 x 10~ g/ year (55).

This is by far the most significant intake for any of the pathways

considered. -

Combining Eqs. 53-55, we obtain
.

Iodine intake rate from surface soil region =

-24. 3 x 10 g/ year (56).

5.1.6 Total intake of stable iodine

The total intake rates of stabic iodine from the atmosphere, land

surface waters, ocean mixed layer, and surface soil region for a refer-

ence individual estimated in Eqs. 45, 46, 51, 52, and 56 are summarized

in Table 7. In this analysis, we find that approximately 80% of an

average individual's intake of stable iodine from the globally circu-
lating inventory comes from the soil, with about 10% or less coming from
each of the other compartments. It is cicar, therefore, that specific

activity calculations based on iodine concentrations in either the

atmosphere or the ocean mixed layer are not appropriate for assessing
'

129 129
doses for I prior to the time the released I renhes eqd1ha

with the natural iodine in man's exposure environment.
.
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The total iodine intake from the globally circulating inventory
.

given in Table 7 is equivalent to 150 pg/ day. This value is in reason-

.
able agreement with the estimate of 200 pg/ day given in Reference Man.
This latter value was derived by calculating the constant intake re-
quired to maintain an average iodine content in the thyroid of 12 mg,
assuming a biological half-time of 138 days and a fraction of the iodine

in blood reaching the thyroid of 0.3 (ref. 52). From this comparison,
we conclude that the rudimentary pathway analysis of iodine intake by a
reference individual presented here gives quite reasonable results.

1295.2 Individual Dose Rates from Intake of 7

from Environmental Compartments

129Calculation of the dose rates from intake of 1 by a reference

individual from the different environmental compartments requires the
specific activity of I and the dose conversion factors for inhalation

and ingestion. The half-life for I of 1.57 x 10 years corresponds
- to a specific activity of

spa ( I) = 177 pCi/g (57).
.

53The adopted dose conversion factors for inhalation and ingestion are

#Table 7. Estimated intake of iodine by a reference individual

Source in environment Intake rate (g/ year)

Atmosphere
-5

Inhalation 4. 0 x 10

Foliar Deposition 1.7 x 10~
Land surface waters 4.2 x 10-
Ocean mixed layer 6.2 x 10-

-2
,

Surface soil region 4.3 x 10

Total 5.5 x 10~

.

Values are calculated in Sect. 5.1.

1534 057
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DCF(inh) = 4.97 rems /pCi (58)
.

and

DCF(ing) = 7.78 rems /pci , (59) -

respectively. These values are the maximum 50-year dose commitments to
the thyroid for an acute intake of 1 pC1. Since the biological half-

time for iodine in the thyroid is approximately 120 days, the dose

conversion factors give, to a very good approximation, the dose rate to
the thyroid in rems / year for a chronic intake at a rate of 1 pCi/ year.

Given the specific activity and dose conversion factors for I

and the pathway analysis for intake of stable iodine by a reference
individual in Sect. 5.1, the dose rates for intake of I from the

dif ferent environmental compartments are easily estimated.

5.2.1 Dose rate from intake from atmosphere

From Tables 5 and 7, a stable iodine inventory in the land atmo-
9 -5

sphere of 5.7 x 10 g results in an intake of 4.0 x 10 gj gg,
Therefore, the dose rate for an average individual from inhalation of
129

1 from the land atmosphere with inventory X (t) is -

2

-5 9Dose rate from inhalation = [(4.0 x 10 g/ year)/(5.7 x 10 g)]

x (177 pCi/g)(4.97 rems /pci)X (#)
2

-12= (6.1 x 10 rem /gayear)X (t) (60).

2

For foliar deposition, a similar calculation gives

Dose rate from foliar deposition =

-3 9[(1.7 x 10 g/ year)/(5.7 x 10 g)](177 pCi/g)

x (7.78 rems /pci)X (#)
2

-10= (4.1 x 10 rem /g* year)X (c) (61).

2

5.2.2 Dose rate from land surface waters

10
From Sect. 4.3.8, the flux of iodine in river water is 9.7 x 10

g/ year. This flux consists of runoff from the surface soil region and
-

groundwater flow from the shallow and deep subsurface regions of the

1534 058
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129lithosphere. Therefore, from Fig. 3, the flux of I in river water

, can be written as

- (t) = k4,3 4(t) + k6,3 8(#) * 9,3'9(t) (62).

Since the intake rate of stable iodine from land surface waters is
4.2 x 10~ g/ year, we obtain

Dose rate from land surface waters =

-3 10[(4.2 x 10 g/ year)/(9.7 x 10 g/ year)](177 pCi/g)

(7.78 rems /pci) (t)x

rem /g)((t)-11= (5.8 x 10 (63).

5.2.3 Dose rate from intake from ocean mixed layer

From the stable iodine inventory in the ocean mixed layer in
Table 5 and the intake rate in Table 7, we obtain

.

Dose rate from ocean mixed layer =
-3 15[(6.2 x 10 g/ year)/(1.4 x 10 g)](177 pCi/g)

*

x (7.78 rems /pC1)X (#)
3

-15= (6.4 x 10 rem /g year)X (O (64),
3

where X (t) is the I inventory in the ocean mixed layer.3

5.2.4 Dose rate from intake from surface soil region

From the stable iodine inventory in the surface soil region in
Table 5 and the intake rate in Table 7, we obtain

Dose rate from surface soil region =

-2 15[(4.3 x 10 g/ year)/(1.0 x 10 g)](177 pCi/g)

(7.78 rems /pci)X (#)x
4

-14
, = (5.6 x 10 rem /g year)X (t) (65)4 ,

where X (t) is the I inventory in the surface soil region.4
.

1534 059
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1295.2.5 Summary of dose rates from intake of 7
.

The coefficients derived in Eqs. 40, 61, and 63-65 for obtaining
129the dose rate to a reference individual from intake of 7g g, .

atmosphere, land surface waters, ocean mixed layer, and surface soil
region are summarized in Table 8. The total individual dose rate at any

time is obtained by multiplying each coefficient by the I inventory

or flux in the particular exposure environment at that time and adding

the resulting dose rates. From Eq. 62, the 'I flux in river water
arises from the inventory in all three compartments of the lithosphere.

Table 8. Coefficients for dose rates from intake of 'I
#

by a reference individual

Intake pathway Exposure environment Coefficient

Inhalation Land atmosphere 6.1 x 10~ rem /g* year
-10Ingestion following Land atmosphere 4.1 x 10 rem /g* year

,

foliar deposition
-11Ingestion from water Land surface waters 5.8 x 10 rem /g
-15Ingestion of sea food Ocean mixed layer 6.4 x 10 rem /g year
-14Ingestion fellowing Surface soil region 5.6 x 10 rem /g* year

root uptake

#
The coefficients are derived in Sect. 5.2.

5.3 Estimate of World Population and Population Dose

If dD(t)/dt is defined as the individual dose rate at time t, the

population dose delivered between times t and t is given by
0 y

t
f* 1

D(t ' # ) = N(t) (dD(t)/dt] dt man-rem (66),0 1
t

0
.

where N(t) is the world population at time t. We adopt a United Nations

projection which assumes a population of 3.988 billion in 1975 in-
,

creasing to 12.21 billion in 2075. Beyond 2075, we assume a constant

population of 12.21 billion. We note that since I has a half-life of
, ,
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15.7 million years, the calculation of population dose commitments
,

requires, in principle, integration of Eq. 66 for more than 100 million

. years. It is obvious that any projection of world population over that

time period is purely speculative.

In the calculations presented in Sect. 7 of this report, the

population dose commitment from a given release is obtained by inte-

grating Eq. 66 to infinite time. The computer code described in Sect. 6

can only integrate the model equations over a finite time interval. In

the calculations performed here, the equations are integrated to a time

t at which a state of near equilibrium of the released I in they
environmental compartments is achieved. The time b is taken to bey

t = 2/ min (k.t,J) (67)
1

. ,

where min (k.s,J) is the smallest fractional transfer rate in the global.

model. The population dose from time b to infinity is then given byy

D(t , +=) = N(t )[dD(t )/dt]/A (68)y y y
.

where N(t ) is the population at time ty (12.21 billion),y
dD(t )/dt is the individual dose rate at time c , and A = 4.41 xy l

.

10~ - is the radiological decay constant for I. The popu-year

lation dose commitment is then the sum of the doses calculated in

Eqs. 66 and 68.

.

p
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6. THE COMPUTER CODE
.

The computer code 10 DES (Iodine, Gr.) has been written to perform
'

calculations for the global iodine model proposed in this report. The

code calculates inventories of 'I in the nine environmental compartments

for a given release by integrating Eqs. 36-44, calculates individual
1dose rates and cumulative individual doses from intake of I from Eqs.

60, 61, and 63-65, and calculates cumulative population doses from Eqs.

66 and 68. The code is written in FORTRAN IV for the IBM 360-75/91
computers. All floating-point arithmetic is performed in double precision.

The total computing time for a typical set of calculations presented in

Sec. 7 is approximately 7 sec.

The code uses the numerical analysis software package GEAR,

which is available on-line at the Oak Ridge National Laboratory Computing

Center, to integrate the system of differential equations for the model.

The GEAR package contains options specifically designed for the solution

of stiff systems of equations,56 in which the coefficients differ by
several orders of magnitude as they do in this work (see Table 4).

With the exception of the on-line GEAR package, a listing of the
,

computer code 10 DES is given in the Appendix.

In the MAIN PROGRAM, the fractional transfer rates for the global

iodine cycle and the coefficients for obtaining individual dose rates
I

from intake of I via the different pathways are calculated, the input

variables for the GEAR package are initialized, and the results of the

calculations are written. Rather than have the user input fractional

transfer rates and intake coefficients directly, the code calculates

these quantities from values of basic parameters (e.g., physical dimensions
of environmental compartments, average iodine concentrations, average

dietary intake of foods, etc.) contained in data statements. This

procedure allows the user complete flexibility in modifying the particular

assumptions and models used to calculate the fractional transfer rates
- and intake coefficients.

SUBROUTINE BALCHK compares the input and output fluxes for the
- global iodine cycle at steady state for the ocean and land atmosphere,

the ocean mixed layer and deep ocean, the surface soil region, and the

3

1534 062
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terrestrial biosphere calculated from the assumed compartment inventories
.

and the derived fractional transfer rates. When changing input param-

eters for a calculation, the output from this subroutine provides a
,

check that the globsl iodine cycle remains at steady state.

SUBROUTINE DIFFUN, which is called by SUBROUTINE GEAR, evaluates

the system of differential equations for the model at a particular time.

We note that the individual dose rates and individual and population

doses are evaluated along with the derivatives of the compartment

inventories, since they are functions only of the compartment inven-

tories at the particular time.

SUBROUTINE PEDERV, which is called by SUBROUTINE CEAR, calculates

the Jacobian matrix for the system of differential equations for the

model.

SUBROUTINE INPUT, which is called by SUBROUTINE DIFFUN, calculates

the input flux of I for the environmental compartments for a partic-

ular release. The version in the Appendix assumes an input into the

land atmosphere at a constant rate of 1 Ci/ year for 1 year, with no
input to any other compartment. This subroutine must be rewritten by

the user for each different input function desired. -

POPULA calculates the world population at any time after the

beginning of a release by linear interpolation of the estimated popu-

lation described in Sect. 5.3. The population is assumed to be constant

at 12.21 billion beyond the year 2075.

DYEAR calculates the times following the beginning of a release at

which output of compartment inventories, individual dose rates and cumu-

lative dose, and population dose is desired. The user can modify this

function to obtain different time increments.

.

p
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- 7. SAMPLE CALCULATIONS

,
In this section, results of sample calculations of inventories in

the environmental compartments, individual dose rates and cumulative

doses, and population doses and dose commitments from hypothetical
129

releases of 1 to the environment are presented. In all calculations,

the input function describes a pulse release of I beginning in the

year 1980 at a rate of 1 Ci/ year for a duration of one year into a

single environmental compartment. We assume that the release occurs

uniformly throughout the specified compartment so that the global trans-

port model may be applied directly to the release.

7.1 Calculations for Reference Model

We first consider calculations for the so-called reference model,

for which the fractional transfer rates for the global iodine cycle and

the coefficients for individual dose rates from intake of I are given

in Tables 4 and 8, respectively. Calculations were performed with the

reference model for a 1-Ci release to either the land atmosphere, the
'

ocean atmosphere, the ocean mixed layer, or the surface soil region.

The inventories of I in the environmental compartments as a
5

function of time for the first 10 years following a release of 1 Ci to

the land atmosphere are shown in Fig. 5. The numerical label with each

curve identifies the particular environmental compartment as defined in

Fig. 3 (see Sect. 4.1). The curves in Fig. 5 demonstrate clearly the

dynamic nature of the global transport of iodine following a release to

a single compartment, i.e., the very different time dependences of the

inventories in the separate compartments prior to equilibrium. Because

the mean residence time in the atmosphere is very short, the inventories

in the ocean mixed layer and surface soil region increase almost linearly

with time during the release. The essentially constant inventory in the

.
surface soil region for the first 1000 years after the release results

from the long mean residence time of iodine in soil and the relatively

. small influx from the land atmosphere. The inventories in the atmosphere

are essentially in equilibrium with the inventory in the ocean mixed

1534 064
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Fig. 5. Compartment inventories vs. time for a release of 1 Ci of
129 I to the land atmosphere over a period of 1 year for the reference
model defined in Table 4. The label for each curve identifies the com- -

partment as follows: 1 = ocean utnosphere, 2 = land atmosphere,
3 = ocean mixed layer, 4 = surface soil region, 5 = terrestrial biosphere,
6 = deep ocean, 7 = ocean sediments, 8 = shallow subsurface region of

_

lithosphere, 9 =~ deep subsurface region of lithosphere.
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layer after 10 years. The decreasing inventories in these compartments
.

for the first 100 years following the release result from the net trans-
129

port of I into the deep ocean; these inventories then increase
129somewhat between 100 and 40,000 years as 1 is returned from the deep

ocean and is transported from the surface soil region into the ocean

mixed layer. The relatively small inventory in the terrestrial biosphere

reaches equilibrium with the surface soil region within 100 years. The

inventory in the deep ocean increases rapidly during the first 100 years
129

but increases more slowly thereafter as 1 is transported into ocean

sediments. The inventories in ocean sediments and the shallow and deep

subsurface regions of the lithosphere are increasing with time during
5

most of the first 10 s, d e s M ng h Gese m p m en u n e

acting as sinks for the globally circulating iodine.

The calculations in Fig. 5 also demonstrate the relatively slow

transport of iodine in the global environment, since the released I

has not reached equilibrium in the different environmental compartments
5

,
within the first 10 s. In f eWhh h@n de pobal

cycle is not achieved until approximately 10 years following the release,
1

. at which time most of the released I resides in ocean sediments and

the inventories in each of the compartments are proportional to the

steady-state inventories for stable iodine given in Table 5 and Fig. 4.
We note from Fig. 5, however, that the inventories in the compartments

129from which man receives most of the intake of 1-& s@em
ocean mixed layer, and surface soil region - reach a state of near
equilibrium after approximately 10 years.

The dose rates to a reference individual from intake of I from

different parts of the environment as a function of time for a 1-Ci

release to the land atmosphere are shown in Fig. 6. The dose rates from

intake from the atmosphere, ocean, and soil are proportional to the
inventories of I in the land atmosphere, ocean mixed layer, and

surface soil region, respectively, shown in Fig. 5. The dose rate from
^

intake from land surface waters is proportional to the inventory in

the surface soil region for the first 10 years; by 10 years, intake
~ from the shallow subsurface region of the lithosphere has become significant.

For this particular type of release, the atmosphere is the critical
'

:
,
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conpartment for exposure during the release, whereas the surface soil
~

region is the most important compartment thereafter.

Curves similar to those in Figs. 5 and 6 could be generated for a
.

1-Ci release to the ocean atmosphere, ocean mixed layer, and surface
soil region, but we have not dong so here. A comparison of the individual

5
dose rates for the first 10 years for a 1-Ci release to each of the

f our environmental compartments is shown in Fig. 7. During the release

period, the dose rate is the highest for a release to the land atmosphere,
the value being 1 x 10~ rem / year. Following the end of the release,

the dose rates are the highest for a release to the ocean atmosphere or
surface soil region but are considerably less for a release to the other
two compartments. The dose rates for the four types of release are

5approximately the same after 10 years, since, as shown in Fig. 5, the
129I inventories in the environmental compartments accessible to man are

nearly in equilibrium by this time.

By integrating the dose rates for a 1-Ci release to the different
environmental compartments shown in Fig. 7 to infinite time, we obtain

-

the individual dose commitments given in Table 9. These dose commitments

,

are equivalent to the individual dose rate in rems / year for a chronic
129

release of I to the environmental compartment at a rate of 1 Ci/ year

provided the global circulation of I is at steady state. In spite of

the large differences in individual dose rates for releases to the
5

different compartments for the first 10 s (see F 4 . U , we note

that the resulting dose commitments have neari) the same value. This

results from the fact that most of the dose commitment is received after
a state of near equilibrium in the global circulation is achieved.

The estimated population doses at selected times and population

dose commitments for a 1-Ci release to each of the four environmental

compartments are given in Table 10. The relative population doses for
0

releases to the different compartments for the first 10 years reflect

the differences in the individual dose rates shown in Fig. 7. The

population dose commitments, however, are nearly the same for each of
the releases because most of the dose is received after 10 years. It

6'

is noteworthy that the population doses after 10 years are between 20

and 40% of the infinite-time dose commitment, whereas only 4% of the

,
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Table 9. Individual dose commitments for a release of
~ 129

l Ci of 1 de edomen#
.

Release to Individual dose

commitment (rem)

-5Land atmosphere 1.5 x 10
-5Ocean atmosphere 1.2 x 10

Ocean mixed layer 1.2 x 10
-5

Surface soil region 1.6 x 10

#
Calculations are for the reference model defined

in Tables 4 and 8.

released I has decayed during this time period. This reflects the

property of the reference model that most of the released I is trans-

ported to the ocean sediments compartment within 10 years, where radio-

. active decay can occur without resulting in a potential exposure to man.

If there were no environmental sinks in the model, then we would expect

the population dose at any time after a state of near equilibrium is.

reached relative to the dose commitment to be approximately equal to the

fraction of the released I which has decayed during that time.

Bergman et al. have also reported individual dose rates and dose

commitments based on a linear compartment model of the global iodine

cycle. They obtain an individual dose commitment of 1.3 x 10 rem /Ci,

which is a factor of 10 larger than the values we obtained in Table 9.

The larger value appears to result primarily from the absence of an

environmental sink in the global transport model, so that the circulating
129

I has a considerably greater probability of intake by man. For a

release to the atmosphere, Bergman et al. report that 0.5 and 0.6% of
the dose commitment is received in the first 30 and 500 years, respectively,

after the release. In our calculations, 0.8% of the individual dose
~

commitment is received after 30 years and 1.7% is received after 500

years. The smaller fraction of the dose commitment estimated by Bergman
.

et al. af ter 500 years appears to result from a much shorter mean

1534 070;so
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Table 10. Population doses and dose commitments from release of 1 Ci of I

Dose (man-rem) for release to

Time (year)# Land atmosphere Ocean atmosphere Ocean mixed layer Surface soil region

1 110 5.3 x 10 3.3 x 10 1.7 1.6 x 10
2 110 7.9 x 10 5.2 x 10 6.4 3.1 x 10

310 3.8 x 10 2.4 x 10 2.2 x 10 3.9 x 10
410 2.3 x 10 1.7 x 10 3.2 x 10 2.7 x 10

5 3 310 4. 3 x 10 7.4 x 10 5.2 x 10 4. 9 x 10
6 4 410 6.5 x 10 2.9 x 10 2.7 x 10 7.1 x 10

5 5 5
Infinity 1.8 x 10 1.5 x 10 1.4 x 10 1.9 x 10

_

#
Time from beginning of 1-year release.

-

u
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residence time for iodine in the land compartment than the value of
,

approximately 10 years we have assumed for the surface soil region. In
- Bergman's calculations, the dose rate reaches its equilibrium value

within a few hundred years of the release, whereas from Fig. 7 nearly
510 years is required in our model. A proper comparison of the two sets

of calculations cannot be made here, since Bergman et al. have given no
details of their models for global transport and intake of I.

7.2 Parameter Sensitivity Analysis

In this cection, population doses and dose commitments are presented
for a series of calculations in which one or more of the input parameters

for the reference model of the global iodine cycle is varied in a systematic
fashion, in order to determine the sensitivity of the results to these
parameters. A parameter sensitivity analysis is potentially useful in
demonstrating a need for further improvements in measurements of stable
iodine in the environment or in the assumptions used in estimating some

.

of the fractional transfer rates.

The results of the parameter sensitivity analysis are presented in
.

Tables 11-14. Each table gives the population doses and dose commitments
for a 1-Ci telease to one of the four environmental compartments for

which the results of an input were studied in Sect. 7.1. The doses and

dose commitments in the first line of each table give the results for

the reference model defined in Tables 4 and 8. The other calculations

in Tables 11-14 are identified in the following paragraphs.

7.2.1 Variation of the mean residence time in ocean sediments
A major uncertainty in the reference model is the mean residence

time for iodine in ocean sediments, which is the reciprocal of the

fractional transfer rate from ocean sediments to deep ocean. The calcula-
tions labeled 1(c) and 1(b) assume a decrease and an increase, respectively,
of the mean residence time in ocean sediments by a factor of 10. This

.

parameter is seen to have a significant effect on the population dose
beyond 10 years but no effect on the doses for the first 10' years.6

,

These results can be understood by reference to Fig. 5, which shows that
4the inventory in ocean sediments is insignificant for the first 10

L ! 1534 072'
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Table 11. Comparison of population doses and dose commitments from
.

reference model with values from variations in parameters of the

global iodine cycle for a 1-Ci release to the land atmosphere
.

Dose (man-rem) af ter time
6Calculation" years 10 years 10 years Infinity

0
Reference 7.9 x 10 2.3 x 10 6.5 x 10 1.8 x 10

4 5
1(a) 7.9 x 10 2.3 x 10 7.4 x 10 7.1 x 10

2 0 0
1(b) 7.9 x 10 2.3 x 10 6.3 x 10 8.0 x 10

2 4 4 5
2(a) 7.9 x 10 2.3 x 10 6.5 x 10 1.8 x 10

4 4 5
2(b) 7.8 x 10 2.3 x 10 6.5 x 10 1.8 x 10

4 5
3(a) 7.9 x 10 2.4 x 10 6.5 x 10 1.8 x 10

0 5
3(b) 7.8 x 10 2.3 x 10 6.5 x 10 1.8 x 10

2 4 5
4(a) 7.9 x 10 2.4 x 10 6.6 x 10 1.8 x 10

4 4 5
4(b) 7.9 x 10 2.3 x 10 6.1 x 10 1.7 x 10

4
5(a) 6.5 x 10 1.5 x 10 6.4 x 10 1.8 x 10

4 5
5(b) 1.1 x 10 3.3 x 10' 6.5 x 10 1.8 x 10 ,

#Doses for reference calculation are given in Table 10; other calcu-

lations are described in Sect. 7.2.
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Table 12. Comparison of population doses and dose commitments from
,

reference model with values from variations in parameters of the

global iodine cycle for a 1-Ci release to the ocean atmosphere.

Dose (man-rem) after time

4 6Calculation" 10 years 10 years 10 years Infinity

1 5
Reference 5.2 x 10 1.7 x 10 2.9 x 10 1.5 x 10

1 3 4 5
1(a) 5.2 x 10 1.7 x 10 3.9 x 10 6.8 x 10

1 3 4
1(b) 5.2 x 10 1.7 x 10 2.8 x 10 4.4 x 10

1 5
2(a) 5.3 x 10 1.7 x 10 2.9 x 10 1.5 x 10

5
2(b) 5.2 x 10 1.7 x 10 2.9 x 10 1.5 x 10

1 5
3(a) 5.8 x 10 1.7 x 10 2.9 x 10 1.5 x 10

1
3(b) 4. 9 x 10 1.7 x 10 2.9 x 10 1.5 x 10

1 3 5
4(a) 5.2 x 10 1.7 x 10 2.9 x 10 1.5 x 10

1 3 5~

4(b) 5.2 x 10 1.7 x 10 2.8 x 10 1.4 x 10

1 3 5
, 5(a) 4.4 x 10 1.1 x 10 2.9 x 10 1.5 x 10

1 3 5
5(b) 6.8 x 10 2.3 x 10 2.9 x 10 1.5 x 10

#Doses for reference calculation are given in Table 10; other

calculations are described in Sect. 7.2.
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Table 13. Comparison of population doses and dose commitments from ,

reference model with values from variations in parameters of the

global iodine cycle for a 1-Ci release to the ocean mixed layer .

Dose (man-rem) after time
4 6Calculation" 10 years 10 years 10 years Infinity

2 5
Reference 6.4 3.2 x 10 2.7 x 10 1.4 x 10

5
1(a) 6.4 3.2 x 10 3.6 x 10' 6.8 x 10

4.1 x 10'1(b) 6.4 3.2 x 10 2.5 x 10

5
2(a) 6.5 3.2 x 10 2.7 x 10 1.4 x 10

5
2(b) 6.4 3.2 x 10 2.7 x 10 1.4 x 10

3(a) 1.3 x 10 3.6 x 10 2.7 x 10 1.4 x 10
5

3(b) 3.2 3.0 x 10 2.7 x 10' 1.4 x 10

4 5
4(a) 6.4 3.2 x 10 2.7 x 10 1.5 x 10

2 4 5
4(b) 6.4 3.2 x 10 2.5 x 10 1.4 x 10 _

2 0
5(a) 6.3 2.3 x 10 2.6 x 10 1.4 x 10

2 5
5(b) 6.8 4.4 x 10 2.7 x 10' 1.4 x 10

-

#Doses for reference calculation are given in Table 10; other

calculations are described in Sect. 7.2.

.

9
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Table 14. Comparison of population doses and dose commitments from.

reference model with values from variations in parameters of the

global iodine cycle for a 1-Ci release to the surface soil region.

Dose (man-rem) after time

6
Calculation # 10 years 10 years 10 years Infinity

2
Reference 3.1 x 10 2.7 x 10 7.1 x 10 1.9 x 10

4 5
1(a) 3.1 x 10 2.7 x 10 8.0 x 10 7.2 x 10

1(b) 3.1 x 10 2.7 x 10 7.0 x 10 8.7 x 10'

2(a) 3.1 x 10 2.7 x 10 7.1 x 10 1.9 x 10
5

2(b) 3.1 x 10 2.7 x 10' 7.1 x 10' 1.9 x 10

5
3(a) 3.1 x 10 2.7 x 10 7.1 x 10 1.9 x 10

4
3(b) 3.1 x 10 2.7 x 10 7.1 x 10 1.9 x 10

.
4(a) 3.1 x 10 2.7 x 10 7.2 x 10 1.9 x 10

5
4(b) 3.1 x 10 2.7 x 10 6.7 x 10 1.8 x 10

' 5(a) 1. 6 x 10 1.7 x 10' 7.1 x 10 1.9 x 102

5
5(b) 6.2 x 10 3.8 x 10' 7.1 x 10 1.9 x 10

-

#Doses for reference calculation are given in Table 10; other
calculations are described in Sect. 7.2.

.

4

1534 076

. .

.



68

years but that the ocean sediments compartment becomes the most important .

sink for the circulating I beyond 10 years. If I were deposited

in the ocean sediments for longer times, the isolation from man would be .

greater and the dose commitment consequently lower. The opposite would

be the case for shorter mean residence times.

7.2.2 Variativn of the scable iodine inventory in the atmosphere

In the reference model, the inventory of stable iodine in the

atmosphere was estimated from measured concentrations at ground and sea
level by assuming that the vertical distribution for iodine is the same

as that for air. The validity of this assumption is not known. The

calculations labeled 2(a) and 2(b) assume an increase and decrease,
respectively, of the inventory of stable iodine in both the ocean and

land atmospheres by a factor of 10. These changes are equivalent to an

increase and decrease, respectively, of the mean residence time in the

atmosphere by the same factor. We find that these changes have an

insignificant effect on the population dose beyond 100 years. In fact,

varying the atmospheric mean residence time affects the population dose
~

only during a release to the atmosphere and for the short time thereafter
~

during which the released I is initially deposited on the land or

ocean. After the atmosphere is depleted, the results in Fig. 6 show that
the dose from intake from the atmosphere is insignificant.

7.2.3 Variation of the mean residence time in deep ocean

The mean residence time for iodine in the deep ocean compartment
assumed in the reference model was taken directly from an analysis of
the global carbon cycle. The calculations labeled 3(a) and 3(b) assume

an increase and decrease, respectively, of the mean residence time in

the deep ocean by a factor of 2. In order to maintain a balance of the

fluxes in the global iodine cycle at steady state, this change also

results in a corresponding change in the mean residence time in the

ocean mixed layer by the same factor. These parameter variations affect
.

the population doses only for releases to the ocean atmosphere or ocean
mixed layer and only for the first 100 to 10,000 years. The insensitivity

.

of the doses to these parameter variations for a release to the land
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atmosphere or the surface soil region can be understood from the long mean
.

residence time in soil compared with the values in the two ocean compartments.

. 7.2.4 Variation of the mean residence time in the shallow and deep sub-

surface regions of the lithosphere

Estimation of the fractional transfer rates from the shallow and

deep subsurface regions of the lithosphere to the ocean mixed layer in
the reference model involved many uncertain assumptions and approximations.
The calculations labeled 4(a) and 4(b) assume a decrease and increase,

respectively, of the mean residence times in the subsurface lithosphere

compartments by a factor of 10. These changes have little effect on the

population dose before 10 years and only slightly thereafter. Only if

the mean residence times were increased by much more than a factor of 10

would the long-term population dose and dose commitment be significantly
reduced because these compartments would then become effective sinks in

the global iodine cycle. Decreasing these mean residence times by any
amount has little effect on any of the doses. The insensitivity of the

dose commitments to the mean residence times in the subsurface compartments-

of the lithosphere compared with the mean residence time in ocean sediments
- can be understood from the property of the reference model that relatively

little of the iodine is circulating in the subsurface lithosphere.

7.2.5 Variation of the stable iodine inventory in the surface soil region

The calculations labeled 5(a) and 5(b) assume an increase and
decrease, respectively, of the inventory of stable iodine in the surface

soil region by a factor of 2. These changes are equivalent to an increase

and decrease, respectively, of the mean residence time in the surface

soil region by the same factor. This parameter is seen to have a significant

effect on the population dose for the first 10 years but has a negligible
1

effect on the doses for times after the released I has reached a

state of near equilibrium in man's exposure environment. It is not

surprising that the inventory of stable iodine in soil is the most important

parameter for determining doses prior to equilibrium because the soil is.

the critical exposure environment for man after the end of a release

- (see Fig. 6).
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7.2.6 Observations from parameter sensitivity analysis
,

Although an exhaustive parameter sensitivity analysis has not been

performed here, the calculations that have been described lead to some
,

important general results. We have shown that the transport of iodine

in the environmental compartments to which man is exposed (atmosphere,

soil, etc.) affects the population dose only for the period following a

release prior to the time the I reaches equilibrium with the natural

iodine circulating in man's exposure environment, but the dose thereafter

is insensitive to the parameters for these compartments. This rsult
1

also depends on the fact that the half-life of I is long compared

with the mean residence times of iodine in these compartments. Eventually,

then, the released I will deliver the same dose as long as it remains

in circulation among the compartments to which man is exposed but regardless

of how the I is apportioned among these compartments at equilibrium.

On the other hand, the transport of iodine into the regions of the

global environment inaccessible to man (ocean sediments and subsurface

regions of the lithosphere) is apparently sufficiently slow that the .

parameters for these compartments have no effect on the dose prior to

the time a state of near equilibrium is reached in the compartments to -

which man is exposed. Thereafter, however, the inaccessible compartments
129

can provide significant sinks for the circulating I and thus affect

the long-term doses and dose commitments.

.

e
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8. SUMMARY AND CONCLUSIONS
.

In this report, a model for the global transport of iodine has been

developed for the purpose of estimating worldwide population doses and~

1dose commitments from releases of I to the environment. Estimates of

dose rates to a reference individual and population doses are obtained

from (1) the inventories of I in various parts of the environment

calculated by the global transport model, (2) assumptions concerning the
intake of iodine by a reference individual from the environment based on
a pathway analysis, (3) conversion factors giving dose per unit intake,
and (4) an estimate of the world population.

The global iodine cycle is described by means of a linear time-

invariant, environmental compartment model. The environmental compartments
assumed in the model comprise the atmosphere, hydrosphere, lithosphere,

and terrestrial biosphere. Some of the parameters describing the transport

of iodine between the environmental com,,artments were determined directly
from measured concentrations and fluxes of naturally occurring stable

.

iodine and data on the global hydrologic cycle. Additional assumptions

were required in order to completely specify the model. These included
.

(1) a crude estimate of the mean residence time for iodine in ocean
sediments, (2) the assumption that the mean residence time for iodine in
the deep ocean is the same as the value for carbon, (3) the assumption
that the rate at which iodine is leached from rock by percolating water

is negligible compared with the rate at which iodine infiltrates into

the lithosphere from the surface soil region, and (4) assumptions
concerning the percolation velocity of iodine in the lithosphere, the
distribution with depth and mean residence times for groundwater in the
lithosphere, and the concentration of iodine in groundwater.

An important consequence of the model for the global iodine cycle
which we have developed is the prediction that the global circulation of

129
iodine is a relatively slow process, so that a release of 1 from a

point source may require tens of thousands of years before it is dispersed-

in the environment on a global scale. The model predicts an atmospheric
mean residence time of approximately 15 days, which is much shorter than
the value of 2 years previously assumed.1 If the shorter mean residence

: ; 1534 080
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time is the more realistic, then a release to the atmesphere from a
.

point source will be deposited on the land or ocean surface before

mixing throughout the global atmosphere occurs. Thus, such a release to
.

the atmosphere, as well as releases directly to a localized region of

the land surface or surface waters, will result in a nonuniform distribution
129

of I over the earth's surface. Since the mean residence time of
iodine in the surface soil region is predicted to be 10,000 years and

mixing of iodine throughout the oceans may require 1000 years or more,

it is clear that a long time may be required for an initially nonuniform

distribution of I on the earth's surface to enter into global circulation.

Therefore, for some releases to the environment, a realistic long-term

population dose assessment would seem to require a progression from

local to regional to global scale models.

In this report, we have presented calculations of dose rates,

population doses, and dose commitments for hypothetical releases of I

to the environment with the assumption that the model for the global

iodine cycle can be applied directly to the release; i.e., the release
,

is instantaneously and uniformly dispersed throughout a given environmental

compartment. Releases of 1 Ci over a period of 1 year to the atmosphere,

ocean mixed layer, and surface soil region were considered. The calculations
5

showed that for the first 10 years following a release, the most important

parameter for determining dose rates and cumulative doses is the 10 -

year mean residence time for iodine in the surface soil region. After
5

10 years, the released 'I is nearly in equilibrium with the inventories
of natural iodine in the environmental compartments to which man is

5
exposed. The doses beyond 10 years and the infinite-time dose commitments

are then determined primarily by the presence of sinks in the global

cycle which are inaccessible to man. In our model, the ocean sediments

compartment is the most effective in removing I from man's exposure

environment.

For a release of 1 Ci of I, the resulting dose rate to an
~9individual after the end of the release is very low, being 10- -10 *

rem / year depending on the compartment in which the release occurs. The

total dose that would be accumulated by an individual over infinite time

is only 10-20 prems. Therefore, it is apparent that large quantities of
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globally dispersed I would be required to produce a significant.

radiological impact on man.

On the basis of the linear, no-threshold hypothesis for converting-

dose to resultant health effects, the health risk to the world population

is based on the population dose integrated to infinite time. Our calcu-

lations predict that for a constant population of 12.21 billion, the
5

world-wide population dose commitment for I is approximately 2 x 10

man-rems /C1. We caution, however, that a result such as this has little

credibility if it is to be used to set standards for release rates or to

compare potential radiological impacts with those from other globally

significant radionuclides, such as C. Because of the 15.7 million-year

half-life for I, only a small percentage of the population dose commit-
5

ment will be delivered during the first 10 s fono W a release,

and it is unlikely that a model based on current environmental conditions

and population levels could accurately predict population doses beyond

that time. Therefore, careful consideration is needed not only of the
'

time span over which doses should sensibly be calculated but also of the

significance of large population doses obtained from the accumulation of
'

very small individual doses over a large population.

It seems reasonable that the calculation of population dose and
129

consequent estimation of health risks for 1 for m es as lo g as a

few tens of thousands of years is a potentially meaningful exercise. It

is during this time following a release that the I circulates primarily

in the environmental compartments to which man is exposed, so that the

dose rate to an individual is larger than at later times when the I

has reached equilibrium with the globally circulating natural iodine.

We suggest, therefore, that future efforts in describing the transport

of iodine in the environment shculd concentrate on those aspects of the

models that are important for relatively short time periods (up to 10 -

10 years) after a release, e.g., the development of local and regional

scale long-term dose assessment models, rather than on aspects of.

importance for longer time periods. Calculations should also be performed

. using realistic input functions for anthropogenic and natural sources of
1291.
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Appendix
.

LISTING OF THE CODE 10 DES
.

A listing of the computer code IODES is given on the following

pages, with the exception of the on-line software package GEAR which

solves systems of ordinary differential equations. The other subroutines

and function subprograms are listed in the same order as they are described

in Sect. 6.

I
e

.

.

.

. c

e

.

'
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C AVERAGE INTAv.E OF I-129 IS C ALCULATED FROM THE COMPARTMENT INVENTnRIc5 nF
C I-129 AND THE ESTfMATED INTAKE OF STABLE TOOINE FROM THE CIFFERENT
C COMPARTMENTS BY A REFERENCE INDIVIDUAL.
C

C PROGRAM AUTHOR: D. C. KOCHER
C HEALTH AND SAFETY RESEARCH DIVISION
C OAK RIDGE N ATION AL L ABOR ATORY
C P. O. enX X
C OAK RIDGF, TENNESSEE 37810
C
C DATE: APRIL 1979
C

IMPL7 SIT REAl*8 IA-H, 0-Z1
EXTERN AL O!FFUN, DEDE#V
DIMENSION XI153, Xpl158
COMMON / BLK1/ FK12, FK13, FK21, FK24, FK31, FK36, FK43, FK45,
2 FK48, FK49, FK52, FK54, FK63 F K67. FK76. FK03, FK93, PLA4
COMMON / BLK2/ FK10lN, FK10FD, FK11 FK120, FK135
CCMMON/ BtK3/ YST ART
COMMON / BLK5/ SPA 129

C

C DEFINE P AR AMETERS FOR C ALCUL ATION OF FR ACTION AL TR ANSFER RATES OF l-129
C BETWEEN E NVIRONMENT AL COMP ARTMENTS
C

.

C AVER AGE ANNUAL RAINFALL ON L AND IN G/YR
C AVERAGE FRACTIONAL CONTENT OF 10DINC IN R AINF ALL OVFR LAND
C AVERAGE ANNUAL RAINFALL ON OCEANS IN G/YR
C AVERAGE FRACTIONAL CONTENT OF IODINE IN R&!NF ALL OVER OCFANS-

C
DATA R AINL, FIODRL, RAINO, FIODRO/ 1.0020, 1. 0 D- 9. 3.2020, 6.00-9/

C
C AVERAGE ANNUAL RUNOFF OF RIVERS IN G/YR
C AVERAGE FRACTIONAL CONTENT qF 100lNE IN RIVER WATER
C

OATA RIVRUN, FIODRV/ 3.23019, 3. 0 D-9 /
C
C AVERAGE CONCENTR ATION OF IODINE IN ATMO SPHERE OVER LAND IN G/ICU Mi
C AVERAGE CONCENTRATION OF IODINE IN ATMOSPHE9E OVER OCE ANS IN G/ICU ut
C

DATA C100AL, CIODA3/ 5.00-9, 3.00-8/
C

C ATOMIC MASS OF 1-129
C FALF-LIFE OF I-129 IN YR
C AV0GADRD' S NUMBER
C

DATA E M 1129, THALF, AV0/ 1. 29D 2, 1.5707, 6.02D23/

C
C AREA 0F LAND SURFACE IN S0 M
C AREA 0F OCE AN SURF ACE IN SQ M

.

.
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C HEIGHT OF HOMOGENEOUS ATMOSPHERE IN M
C DENSITY OF WATER IN G/ICU CMI *

C DEPTH OF GCEAN MIXED LAYEP IN M
C DEPTH OF DEEP OCEAN IN M
C

*

DATA AREAL, AREAO, ZATM, RHOW, ZWL, ZD0/ 1. 49014, 3.61D14, 7.7D3,
2 1.000, 7.501, 3.72503/

C
C AVERAGE FRACTIONAL CONTENT OF IODINE IN OCEAN MIXED LAYER
C AVERAGE FRACTIONAL CONTENT OF IODINE IN DEEP OCE AN
C

DATA FIODML, FIODD0/ 5.00-8, 6.00-8/
C
C DEPOSITION RATE OF OCEAN SEDINENTS IN C9/YR
C AVERAGE DENSITY OF SEDIMENTS 14 G/ICJ CMI
C AVERAGE FRACTIONAL CONTENT OF IODINE IN SEDIMENTS
C

DATA SEDPAT, RHOSED, FIODSD/ 2.00-4, 2.500, 1.00-4/
C
C FRACTION OF RIVER RUNOFF FROM SURF ACE SOIL REG!nN
C FRACTION OF RIVER RUNOFF FROM SHALLOW SUBSU'F ACE PEGION
C FRACTION OF RIVER RUNOFF FROM DEEP SUPSURF AC E DEG10N
C

DATA FRUNSL, FRUNSH, FRUNDP/ 8.30-1, 1.7D-1, 3.3D-3/
C
C AVERAGE DENSITY OF SOIL IN G/(CU CMI
C ASSUMED DEPTH OF SURF ACE S0lt REGION IN M
C AVERAGE FRACTIONAL CONTENT OF IODINE IN SOIL
C

DATA RHOSL, ZS0!L, FIODSL/ 1.400, 1.000, 5.00-6/
C ,

C TERRESTRIAL STOMASS IN G
C NET PRIM ARY PRODUCTION OF TERRESTRI AL BIOM ASS IN G/YP
C AVERAGE FRACTIONAL CONTENT OF 10 DINE IN TERRESTRI AL BIOSPHFRE
C AVERAGE FRACTION OF IODINE IN TERRESTRI AL BIOSPHERE RELEASE 0 TO ATM09PHERE -

C
DATA BIOMAS, BIPROD, FIODTB, FIBTA/ 1.0D18, 5.2016, 1.00-7,
2 1.00-1/

C

C ASSUMED AVERAGE DOWNWARD WATER FLOW VELDCITY THROUGH POROUS RDCK TN M/YR
C ASSUMED AVERAGF DENSITY OF PORDOS ROCK IN SHALLOW AND DEFP SUBSURFACE
C REGIONS IN G/(CU CMI
C ASSUMED AVERAGE POROSITY OF ROCK
C ASSUMED AVERAGE IODINE SOIL-WATER DISTRIBUTION COEFFICIENT IN L/KG
C

DATA VELWAT, RHORCK, PORDS, FK0/ 5.00-1, 2.500, 1.00-1, 1.001/
C
C ASSUMED AVER AGE DE PTH OF GROUNDW AT ER IN SHALLOW SUBSURF ACE REGION IN M
C MEAN RESIDENCE TIME OF GROUNDWATER IN SHALLOW SUBSURF ACE PEGION IN YR
C ASSUMED AVERAGE DEPTH OF GROUNDWATER IN DEEP SUBSUAFACE REGION IN M
C MEAN RESIDENCE TIME OF GROUNDW ATER IN DEEP SUBSURFACE REGION IN YR
C

OATA ZSHGRW, TSHGRW, ZDPGRW, TDPGRW/ 4.002, 2.002, 2.403, 1.004/
C

C DEFINE ADDITIONAL PARAMETERS FOR CALCULATION OF DOSE FROM INTAKE OF I-129 BY A
C REFERENCE INDIVIDUAL
C
C AVERAGE INTAKE OF FOODSTUFF S IN KG /D--

,

.

1534 092



87

C MILK
C OTHER FLUIDS

*
C MEAT
C LEAFY VEGETABLES
C OTHER VEGETABLES, FRUITS, AND NUTS
C CEREALS.

f F ISH
C OTHER F D00STUF F S
C

DATA QMILK, QFLUID, CMEAT, QLVEG, ODVEG, QCER, 0 FISH, 00THER/
2 2. 6D-1, 1.400, 7.00-2, 8.0D-2, 2.50-1, 3.8D-1, 2.30-2, 2.80-1/

C
C AVER AGE INT AKE OF AIR IN L/D
C

DATA QAIR/ 2.204/
C

C TRANSFER COEFFICIENTS FROM ATMOSPHERE TO FOODSTUFFS VI A FOLIAR DEPOSITION IN
C ICU MS/KG--
C MILK
C MEAT
C LEAFY VEGETABLES
C OTHER VEGETABLES AND FRUITS
C CEREALS
C

DATA CAMILK, CAMEAT, CALVEG, CA3VEG, CACER/ 1.2503, 1.6D3, 2.903,
2 2.902, 5.4D2/

C
C AVERAGE INTAKE OF WATER BY CATTLE IN KG/D--
C D AIRY C ATTLE
C BEEF C ATTLE
C

. DATA DC W AT , BCWAT/ 6.001, 4.001/
C
C TRANSFER COEFFICIENTS FOR CATTLE FROM INGESTION--
C MILK IN D/L

*
C MEAT IN D/KG
C

DATA CIPILK, CIMEAT/ 1.00-2, 7.0D-3/
C
C CONCENTRATION FACTORS FOR IODINE IN FISH IN L/KG--
C FRESHWATER FTSH
C SALTWATER FISH
C

DATA CFFRF, CFSAF/ 2.002, 3.001/
C
C AVER AGE INT AKE OF FORAGE BY CATTLE IN KG/D
C

DATA 0FORG/ 5.501/
C
C DOSE CONVERSION F ACTORS FOR MAXIMUM 50-YEAR DOSE COMMITMENT TO THYRn!D F004
C INHALATION AND INGESTION OF 1-129 IN REM /MICR0 CURIE
C

DATA DCFINH, DCF ING/ 4.9 700, 7.7800/
C
C NUMBER OF D AYS PER YEAR
C NUMBER OF DISINTEGRATIONS PER SECOND PER CURIE
C NUMBER OF SECONDS PER YEAR
C

.

.
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DATA OPY, OPSPCI, SPY / 3.65D2, 3. TD 10, 3.1536D T/
C

~

C CALCULATE FRACTIONAL TR ANSFER RATES OF !ODINE BETWEEN ENVIRONMENT AL
C COMPARTMENTS. THE QUANTITY Yi DENOTES THE MASS OF STABLE 10 DINE IN
C COMPARTMENT I IN G. THE QU ANTITY YIJ DENGT ES THE FLUX OF STABLE
C IODINE FROM COMPARTMENT I TO COMPARTMENT J IN G/YR. THE QUANTITY FKIJ -

C DENOTES THE FR ACTIONAL TR ANSFER R A T E F R OM COMPARTMENT I TO COMP ARTMENT J IN
C ONITS OF 1/YR. THE INDICE S HAVE THE FOLLOWING ME ANING--
C 1 - OCE AN ATMOSPHERE
C 2 - LAND ATMOSPHERE
C 3 - OCEAN MIXED LAYER
C 4- SURFACE SOIL REGION
C 5 - TERRESTRI AL BIOSPHERE
C 6 - DEEP OCEAN
C T - OCEAN SEDIMENTS
C 8 - SHALLOW SUBSURF ACE REGION OF LITHOSPHERE
C 9 - DEEP SUBSURF ACE REGION OF LITHOSPHER E
C

C CCEAN ATMOSPHERE TO MIXED LAYER: LAND ATMOSPHERE TO SURFACE SOfL REGION
C

C FLUXES
C

Y13= RAIN 0*FIODRO
Y24=RAINL*Fl009L

C
C IODINE CONTENT OF GCEAN AND LAND ATMOSDHE#E IN HOMOGEMFOUS App 00XIM ATinN
C

Y1=C 10D 40* AR E An* Z AT M
Yl=ll.001)*Y1
Y 2=r 100 AL* AP E AL* Z AT M
Y2=ll.001t*Y2

C .

C FR ACT10NAL TR ANSFER RATES
C

FK13=Y13/Y1
FK24=Y24/Y2

C

C TERRESTRIAL BIOSPHERE TO ATMOSPHERE AND SURFACE S0ll OEGION
C
C ICDINE CONTENT IN TERRESTRI AL BIOSPHERF
C

Y5=B10M AS*F f 0DTB
C
C FLUXES
C

Y52=B I PROD * F l00T E*F I BT A
Y54=BIPROD*FIODT88tl.000-FIBTAI

C
C FR ACTIONAL TR ANSFER RATES
C

FK52=BIP90D*FIBTA/Bl0 MAS
F K 54 = B I PR DO * ( 1. 0 D D-F T AT A l / B I OM AS

C

C LAND ATMOSPHERE TO OCEAN ATMOSPHERE AND VICE VERSA
C
C NET FLUX FROM OCEAN ATMOSPHERE TO L AND ATMOSPHERE
C

Y 12= Y 24-Y 52
.
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C
C ASSUMED RATIO OF FK21 TO FK12,

C

RATOA= AREA 0/ AREAL
C

C FR ACTIONAL TR ANSFER PATES.

C
F K 12 =Y 12/ (Y L-R AT 04* Y2 9
FK21=PATOA*FK12

C
C MIXED LAYER TO OCEAN ATMOSPHERE
C
C ICOINE CONTE NT IN MIXED L AYER
C

V3=RHOW*AREAO*ZML*F100ML*(1.006)
C
C FR ACTIONAL TR ANSFER RATE
C

FK31=(Y13*Y241/Y3
C
C DEEP OCEAN TO MIXED LAYER
C
C ASSUMED MEAN RESIDENCE TIME FOR 10 DINE IN DEED OCEAN IN YR
C

TC00C=1.127D3
C

C FR ACTIONAL TR ANSFER RATF
C

FK63=(1.0001/TDPOC
C

C MIXED L AYER TO DEER OCEAN
C-

C 100lNE CONTENT OF OEco OCEAN
C

Y6=RHOW*AREAO*ZDO*FIODDO*(1.006)*
C
C FR ACTIONAL TR ANSFER RATE
C

F K 36 =Y6 *F K6 3 /Y 3
C
C CEEP OCEAN TO OCEAN SEDIMENTS
C
C FLUX
C

Y67=SEDRAT* AREA 0*RHOSED*FIODSD*(1.004)
C
C FRACTIONAL TRANSFER RATE
C

F K67=Y6 7/Y6
C
C CCEAN SE0!MENTS TO DEEP OCEAN
C
C CALCULATION IS B ASED ON MEASUREMENT THAT IODINE CnNTENT IN SEDIMENTS IS
C REDUC ED BY A F ACTOR OF 2 AT A DEPTH nF TM
C

FK76=-(DLOGt0.5D01t*SEDRAT/(7.0021
C
C SURFACE SOIL REGION TO TERRESTRI AL BIOSOHERE, OCEAN MIXED L AYER, AND SHALLOW

.

.
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C SUBSURF ACE AND DEEP SUBSURFACE REGIONS OF LITHOSPHERE
C *

C IODINE CONTENT OF SURFACE SOfL REGION
C

Y4=RHOS L* ARE AL*Z SOI L*Fl00SL* I I.006)
C .

C FLUX FROM LITHOSPHERE TO OCE AN MIXED LAYER
C

YLAND2=RIVRUN*F100RV
C
C FR ACTIONAL TR ANSFER RATES
?

'

FK45=lV52*Y549/Y4
FK43=YLAND2*FRUNSL/Y4
FK48=YLAN02*FRUNSH/Y4
FK49=YLAN02*FRUNDP/Y4

C

C SHALLOW SUBSURF ACE AND DEED SUBSURF ACE PFGIONS OF LITHOSPHERE TO "CFAN MiyEO
C LAYER
C

C THIS CALCULATION GIVES MEAN RESIDENCE TIMEF BY ASSUMING THAT ONLY IODINE
C WHICH IS TR ANSPOR TED BY THE 00WNW ARD F LOW OF WATER FROM THE SURFArF Snit
C REGlqN 15 ACCESSIBLE TO GROUNDWATER
C

C RETARDATION FACTOR FOR IODINE
C

RETARD =1.000eRHORCK*FKD/P0005
C
C DOWNWARD FLOW VELDCITY 05 10 DINE IN M/YR
C

VIOD=VELW AT/ RET ARD
C -

C AVERAGE TIME OF TRANSP00T TO GROUNDWATER IN SHALLOW AND DEEP StIBSUD F AC E
C REGIONS IN YR
C

'TRANSH=ZSHGRW/VIOD
TR ANDP= ZDPGR W/V100

C
C FR ACTIONAL TR ANSFER RATES
C

FK83=(1.0005/(TRANSH+TSHGRW*RETARDI
FK93=(1.0001/( TR ANDP*T0pGR W* RET ARDI

C

C CALCULATE R ADIDACTIVE DEC AY CONST ANT IN 1/YR
C

C L AM=DLOG I 2. 0001/TH ALF
C
C CALCULATE COEFFICIENTS FOR OBT AINING DDSE R ATES FROM INTAKE OF 1-129 FR OM
C INVENTORIES IN ENVIRONMENTAL COMPARTMENTS. THE INDICES HAVE THE FOLLOWl'T.
C MEANING--
C to - INTAKE FROH ATMOSPHERE
C 11 - INTAKE FROM SURF ACE W ATER S OF LITHOSPHEPE
C 12 - INTAKE FROM OCFAN MIXED LAYER
C 13 - INTAKE FROM SURFACE SOIL REGION
C
C SPECIFIC ACTIVITY OF t - 129 IN Cl/G
C

SPA 129=AVO* CLAM /IEMI129* SPY *DPSPCil
,

.
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C
C INT AKE FROM ATMOSPHERE.

C
C IODINE INTAKE FRGM INHALATION AND FOLIAR DEROSITION IN MICP0 GRAMS /YR
C

Q 10lNH= QA IR * C100 * L* DPY* l t.003 8*

QinF00= t0 MILK *C AMILK+0ME AT*C AMEAT +0LVEG*C ALVEG+QUVEG*C ADVEG *QC ER*
2 CACERl*CIODAL*DPY*tl.006l

C

C INTAKE COEFFICIENTS FOR INHALATION AND FOLIAR DEPOSITION
C

FK l0 ! N=Q10! NM*S P A 12 9* DCF INH /Y2
FK10FO=CIDF0D* SPA 129*DCFING/Y2

C

C INT AKE FROM SURF ACE W ATERS OF LITHOS *HERE
C

C 10 DIN 5 INTAKE FROM INGESTION OF FLUIDS BY MAN, INGESTION OF WATER BY 9 AIRY
C CATTLE, INGESTION OF WATER BY BEEF CATTLE, AND INGESTION OF FRESHWATER
C FISH IN MICROGRAMS /YR
C

QIOFL=QFLUID*F10DRV*DPY*ll.0098
Q i C DC W= 0C W A T * F 100 RV * C I M I L K* QM I LK * D R Y e ( 1. 009 8
Q10BCW= BCWAT*Fl0DRV*CIME AT*Q4E AT*DPY*(1.0091
Ol0FWF=QFISH*CFFRF*F109RV*DPY*(1.0091/(2.0D09

C

C INTAKE COEFFICIENT
C

F K11 = l 010F L + Q t 00CW + Q 10BCW +Q I OF WF l * S P A 129 *DC F ING/Y L A N02
C
C INTAKE FROM nCEAN MIXED LAYER
C
C IODINE INTAKE FROM INGESTION OF SALTWATER FISH IN MICROGRAMS /YR.

C

Q IOSWF=QF ISH*CF S AF* F IDOML * DPY* t t .009 0 /( 2.000 0
C.

C INTAKE COEFFICIENT
C

FK120=Q10SWF* SPA 129*DCFING/Y3
C

C INTAKE FROM SURFACE 50ll REGION
C
C IODINE INTAKE FROM ROOT UPTAKE IN FOODSTUFFS CONSUME 0 BY MAN, FPRAGE
C CONSUMED BY DA!RY CATTLE, AND FOR AGE C0450MEO BY BEEF C ATTLE IN
C MICROGRAMS /YR
C

Q 10SL= t 0LV EG + 00V EG* CCE R +0 0TH ER l * F IO DT B* D PY* I I . 0091
QI00CS=QFORG*F100TB*CIMILK*QMILK*DPY*tt.0DSI
QIOBCS=QFORG*FIODTB*CIMEAT*QMEAT* DRY *(1.QD98

C

C INTAKE COEFFICIENT
C

F K13S=( Q10S L+ 0100CS +010 BC Sl * SP A129*DCFING/Y4
C

C WRITE CALCULATED FRACTIONAL 's 1SFCR RATES FOR TRANSPORT OF 1001N' BETWEEN
C ENVIRONMENTAL COMPARTMENT.
C

WRITE ( 10.11
1 FORMAT (1Hil

.

.
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WRITE (10,2 8
2 FORM AT (1HO, 5X, 66HFR ACTION AL TR ANSFER RATES FOR GLOR AL 100lNE CY ,

2CLE IN UNITS OF 1/ YRS
WRITE (10,31 FK12

3 FORMAT (LHO, 10X, 36HOCE AN ATMOSPHERE TO L AND ATMOSPHERE =, 1PE9.28
*

WRITE (10.41 FK13
4 FORMAT (1HO, 10X. 3 8HOCE AN ATMOSPHERE TO OCE AN MIXED L AYER=,

2 1PE9.21
WRITE ( 10,5 8 FK21

5 FORMAT (1HO, 10X, 36HLAND ATM1 SPHERE TO OCEAN ATMOSPHERE =, 1PE9.21
WRITE (10,61 FK24

6 FORMAT (1HO, 10X, 39HLAND ATMOSPHERE TO SURFACE S0ll REGION =,
2 1PE9.28
WRITE ( 10,7 9 FK31

7 FORMAT (1HO, 10X, 38HOCE AN MIXED LAYER TO OCEAN AT4OSPHERE=,
2 LPE9.21
WRITE ( 10,81 FK36

8 FORM AT (1HO, 10X. 32HOCEAN MIXED LAYER TO DEEP OCEAN =, IPF9.21
WRI TE ( 10,9 8 FK43

9 FORMAT (IHO, 10X , 41HSURF ACE S0t t REGION TO OCEAN MIXE0 LAYER =,
2 1PE9.21
WRI TE ( 10,10 T F K45

10 FORMAT (1HO, 10X, 45HSURFACE Soll REGIDN TO TERRESTRI AL BIOSPHERE =
2, 1PE9.29
WRI TE ( 10,111 FK48

11 FORMAT (1HO, 10X, 49HSURF ACE S0lt REGinN TO SHALLOW SUBSURF ACE PEG
210N=, 1PE9.23
WRITE ( 10.121 FK49

12 FORM AT (1HO, 10X, 46HSURF ACE S9IL REGION TO DEEP SUBSURFACE REGION
2=, 1PE9.28
WRITE ( 10,13 8 FK 52

*

13 FORMAT (1HO, 10X, 41HTERRESTRIAL BIOSPHERE TO LAND ATMOSPHERE =,
2 1PE9.23
WRI TE ( 10,14 3 FK54

14 FORMAT (1HO, 10X, 45HTERRESTRIAL BIOSPHERE TO SURFACE S0lt REGION = ,

2, 1PE9.29
WRITE ( 10,561 FF63

56 FORMAT (1HO, 10X, 32HDEEP OCEAN TO OCEAN MIXED LAYER =. IPE9.29
WRITE (10,578 FK67

5 7 FORM AT (1HO, 10X, 30HDEEP OCEAN TO OCEAN SEDIMENTS =, 1PE9.21
WRI TE ( 10,58 8 FK 76

58 FORMAT (IHO, 10X, 30HOCEAN SEDIMENTS TO DEEP GCEANa, 1PE9.29
WRITF (10,591 FK83

59 FORMAT (1HO, 10X, 47HSHALLOW SUBSURS ACE REGION TO OCE AN MIXED LAYE
2R=, 1PE9.28
WRITE ( 10,60 0 F K93

60 FORM AT (IHO, 10X, 44HDEEP SUBSUR F ACE REG ION TO OCEAN MIXED LAYER =,
2 1PE9.23
WRITE ( 10,151 CL AM

15 FORMAT (1HO, 10X, 2 8HR A019t0GIC A L DE C AY CONSTANT =, 1PE9.21
C
C WRITE CALCULATED COEFFICIENTS FOR 095E R ATES FROM INTAKE OF I-129
C

WRI TE ( 11,19

WRI TE ( 11 16 5
16 FORMAT (thd, 5X, 63HCOEFFICIENTS FOR CALCULATION OF DOSE RATES FR0

2M INTAKE OF l-1291
WRITE (11,17) SPA 129

,
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17 FORMAT (1HO, 10X, 27HSPECIF IC ACTIVITY OF I-129=, IPE9.2, 1X,
2 4HCI/GB

'
WRITE ( 11,181

18 FORMAT (1HO, 10X, 72H00SE CONVF9510N FACTORS FOR MAXIMUM 50-YEAR D
20SE COMMITMENT TO THYR 010--I
WRITE (11,191 OCFINH.

19 FORMAT (1HO, 20X, 11HINHALATION=, 10E9.2, 1X, 18HPEM PER MICROCURI
2El
WRITE (11,208 OCFING

20 FORMAT (1HO, 21X, 10 HINGE ST 10N=, IPE9.2, IX, 18HREM PER MICROCUDIE
2)
WRITE (11.211

21 FORM AT (1HO, 10X, 41HCOEFFICIENTS FOR INTAKE F90M ATMOSPHERE--I
WRITE t 11.22 8 FK10!N

22 FORMAT (1HO, 27X, 11HINHALATION=, IPE9.21
WRITE (11,2'st FK10FD

2 3 FORMAT (1HO, ?OX, 16HFOLIAR DEPOSITION =, IPE9.21
WRITE I 11,24l FK11

24 FORMAT (LHO, 10X, 58HC0 EFFICIENT FOR INT AKE FROM SURF ACE WATERS OF
2 LITHOSPHERE =, IPE9.28
WRITE (11,258 FK120

25 FORM AT (1HO, 10X, 46HC0 EFFICIENT FOR INTAKE FROM OCEAN MIXE9 LAYER
2=, 1PE9.21
WRITE ( 11,26 9 FK135

26 FORMAT (1HO, 10X , 4 8HCOEFFIC Y ENT FOR INTAKE FROM SUDF ACE S0tt CEGY
2 0 4= , 1PE9.21

C
C CHECK BALANCE OF THE GLOBAL ICOINE CYCLE AT STEADY STATE
C

CALL BALCHK (Y1, Y2, Y3, Y4, YS, Y61
C
C DEFINE PARAMETERS FOR INPUT TO SU9 ROUTINE GE AR=

C
C AUMBEP OF DIFFERENTI AL EQUATIONS
L STARTING TIME FOR INTEGAAv!ON

*
C INTEGRATION STEP SIZE
C TIME AT WHICH GUTPUT IS DESTRE0
C RELATIVE ERROR BOUND
C NETHOD FLAG
C TYPE OF CALL
C

N=15
T0=0.000
H0=1.00-9
TOUT =1.00-1
EPS=1.00-8
MF=21
INDEX=1

C
C INITIALIZE INVENTORIES OF I-129 IN THE ENVIRONMENTAL COMPARTMENTS, DOSE
C RATES, AND POPHL ATION DOSE
C

00 27 !=1,N
Xtit=0.000

27 CONTINUE
C
C DEFINE YE AR CORRESPONDING TO ST ARTING TIME FOR INTEGRATION
C

.

f
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YSTART=1.98003
C .

C ESTIMATE TIME t.T W9ICH RELE ASED IODINE RE ACHES EQUILIBR IUM IN GLOBAL
C C IR CUL AT ION
C

TF=(2.CD03/DMIN1(FK12, FK13, FK21 F K 24, FK31, FK36. FK43, FK45, *

2 FK48, FK49, FK52, FK54, FK63, F K67, FK76, FK83, FK931
C
C WR ITE DEFINITIONS OF QUTPUT V ARI ABLES
C
C INVENTORIES OF l-129 IN ENVIRONMENTAL COMP ARTMeNTS
C

WRITE ( 10,11
WR ITE ( 10,28 8

28 FORM AT (1HO, 5X, 59HINVENTORIES 05 t-129 TN ENVIRONMENT AL COMP A9TM
2ENTS IN GRAMSI
WRITE ( 10,291 '

29 FORMAT (1HO, 10X, 23HXtil - OCEA N ATMOSPHER El
WRITE ( 10.30 8

30 FORMAT (1HO, 10 X , 22hX(28 - LAND ATM3SPHEREI
WRITE ( 10,311

31 FORM AT (1HO, 10X, 24HX(3) - OCEAN MIXED LAYERI
WRITE ( 10.3 21

32 FORMAT (IHO, 10X, 26HXt41 - SUQF ACE Soll REGIONI
WRITE ( 10,331

3 3 FCRM AT (1HO, LOX, 28HX(51 - TERRESTRI AL BIOSPHERFI
WR ITE ( 10.34 8

34 FORMAT (1HO, 10X, 17HX(6) - DEEP OCEANI
WRITE (10,355

35 FORMAT (1HO, 10X, 22HXtil - OCEAN SEDIMENTSI
WRITE ( 10,541

*
54 FORMAT (1HO, 10X, 47HX(St - SH AL L OW SUBSURF ACE REGION OF LITH 0$PHE

2REl
WRITE (10,f sl

55 FORMAT (1HO, 10X, 44HX(99 - DEEP SUBSURF ACE REGION OF LYTHOSPHERE) r

ISTART=IFIX(SNGL(YSTAoTil
WRITE ( 10,361 ISTART

36 FORM AT (1HO, 20X, 3 5HYE AR FOR BEGINNING OF C ALCUL ATION , 1X, !41
C
C DOSE RATES AND POPULATION DOSE
C

WRITE ( 11,1)
WRITE ( 11,37 5

37 FORMAT (1HO, 5X, IU3HDOSE R ATES FROM INTAKE OF T-129 BY A R EFERENC
2E INDIVIDUAL IN REM /YR, CUMULATIVE INDIVIDUAL 00$E IN REM,8
WRITE ( 11,52 8

, 15X, 41 HAND CUMULATIVE P0pVLATION DOSF IN MAN-REMI52 FORMAT (1H
WRITF ( 11.38 3

38 FORMAT (IHO, 10X, 54HD(la - INDIVIDUAL DOSE RATE FOR INTAKE FROM A
2TMOSPHEREI
WRITE (11.391

39 FORMAT ( 1HO , 10X, T3H9(2) - INDIVIDUAL DOSE RATE FOR INTAKE FROM S
2VRFACE WATERS OF LITHOSPHEREI
WRITE (11,401

40 FORMAT (1HO, 10X, 61HD(3) - INDIVIDUAL DOSE RATE FOR INTAKE FROM 0
2CEAN MIXED LAYERI
WRITE ( 11,419

41 FORMAT (1HO, LOX, 6 3H0( 4 8 - INDIVIDUAL DOSF RATE FOR INTAKE FROM S
.
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2URFACE SOIL REGIONI
WRITE ( 11,53 3

* 53 FORMAT (IHO, 10X, 33HDi5) - TOTAL INDiv! DUAL DOSE R.aTEI
WRITE 111.499

49 FORMA) (1HO, 10X, 33HD(6) - CUMULATIVE INDIVIDUAL DOSE)
WRITE ( 11.42 t,

42 FORMAT (IHO, LOX, 33HD(71 - CUMULATIVE DOPULATION 00SEI
C

C hRITE TA8tE HEADINGS
C

WRITE (10.11
WRITE ( 10,4 3 3

43 FORMAT (1HO, 3X, 5HT(YR), 9X, 4HX(18, 9X, 4HX(25, 9X, 4HX(38, 9X,
2 4HX(4), 9X, 4HX(SI, 9X, 4HXt63, 9X, 4HX(78, 9X, 4HX(88, 9X,
3 4HXt91/8
WWITE (11,18
WRITE ( 11,441

44 FORM AT (1HO, 10X, SHT(YP), 11X, 4HDill, 11X, 4H0(28 llX, 4HD(38,
2 11X, 4HD(41, 11X, 4HD(SI, 11X, 4HD(65, 11X, 4HD(71/8

C
C CALCULATE CCMPARTMENT INVENTOR!FS, DOSE RATES, INDIVIDUAL DOSE, AND POPULATION
C DOSE UNTIL EQUILTBRIUM IS R EACHED, AND Wo ITE #ESULTS
C

45 C ALL GE AR (DIFFUN, PEDERV, N, TO, H0, X, TOUT, EPS, MF, INDEX)
WRITE (10,468 TOUT, (XIII, !=1.98

46 FCRMAT (1H , 1P E 8.1, 9(IPE13.2tl
CALL DIFFUN (N. TOUT, X, XPI
WRITE (11,611 TOUT, ( Xp i t s , != 10,141, X ( 14 ) , X(158

61 FORMAT (1H l'E 15.1, 7( IPE 15. 2 t l,

C

C CALCULATE NEXT T'ME AT WHICH OUTPUT IS DESIRED
C.

TOUMMY= TOUT
TOUT = TDUM MY+ DYE AR ( T OUMMY S
IF (TOUT .LE. TF1 GO TO 45

*
C

C CALCULATE INDIVIDUAL AND POPULATION DOSES FROM E QUlllBR IUM UNTIL DEC AY 15
C COMPLETE. TOTAL DOSES. AND WRITE RESULTS
C

DIT!=Xp(148/ CLAM
WRITE ( 11,50 9 DITI

50 FORMAT (IHO, 51X, 29HINDIVIDUAL DOSE TO INFINITY , 1PE9.29
DPTI=XP(151/ CLAM
WRITE (11,471 DPTI

4 7 FORMAT (IHO, 51X, 29Hp0PULATION DOSE TO INFINITY , IPE9.21
TOTIND=X(148+CITI
WRITE ( 11,518 TOTIND

51 FORMAT (1HO, 57X, 23HTOT AL INDIVIDUAL DOSE , 1PE9.28
TOTOOS=X(151+DPT!
WRITE (11.481 TOTDOS

48 FORM AT (1HO, 57X, 23HTDTAL POPULATION DDSE , IPE9.21
STOP
END

.
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C
SUBROUTINE B ALCHK (Y1, Y2. Y3, Y4, Y5, Y61

*
C
C CHECKS BALANCE OF INPUT AND OUTkUT FLUXES FOR GLOBAL IODINE CYCLE AT STEADY
C STATE FROM ASSUME 0 COMP ARTMENT INVENTORIES AND FP ACTIONAL TR ANSFFD RATES
C ,

IMPLICIT REAL*8 (A-H, 0-Zi
COMMON / BLK1/ FK12, FK13. FK21, FK24, FK31, FK36, FK43, FK45,
2 FK48, FK49, FK52, FK54 FK63. FK67, FK76. FK83. FK93, CLAM

C
C WRITE table HEADINGS
C

WRITE ( 10.11
1 FORMAT (1 Hit

WRITE ( 10,2 8
2 FORMAT (1HO, 5X, T7HCOMPARISON OF INPUT AND OUTPUT FLUXES FOR GLOP
2AL IODINE CYCLE AT STEADY STATE)
WR ITE ( 10,3 8

3 FORMAT ( 19:0, 20X, 11HCOMP AR TMENT , 10X, 17HINPUT FLUX (G/YRI, 10X,
2 18HOUTPUT FLUX (G/YRl/l

C
C BALANCE FOR OCEAN ATMOSPHEPE
C

FLIN=FK21*Y2+FK31*f3
FLOUT =(FK12+FK138*Y1
WRIT E ( 10,4 8 FLIN, FLOUT

4 FORMAT (1H 15X, 16H9C E AN ATMOS PHERE,12X, 1PE15.2, 13X, 1pE15.21,

C
C BALANCE FOR LAND ATMOSPHERE
C

F L I N u F K 12 *Y l + F K 5 2 *Y S
FLOUT =(FK21+FK241*Y2 .

WRITE (10,5) FLIN, FLOUT
5 FORMAT (1H , 16X, 15HL AND ATMOSPHER E, 12X, 1PE15.2, 13X, IPE15.21

C
C BALANCE FOR OCEAN MIXED LAYER '

C

FLIN=FK13*Yl+FK24*Y2+FK638Y6
FLOUT =(FK31+FK369*Y3
WRITE (10,el FLIN, FLOU1

6 FORMAT (1H 14X, 17HOCE AN HIXED LAYER, 12X, IPE15.2, 13X,,

2 1PE15.2)
C
C BALANCE FOR SURF ACE SDIL REGION
C

F L IN=F K 24 *Y 2 +F K 54 *Y 5
FLOUT =(FK43+FK45+FK48+FK493*Y4
WRITE ( 10,7 8 FLIN, FLOUT

12X, 19HSURF ACE SOIL REGION, 12X, IPE15.2, 13X,7 FOPMAT (IH ,
2 IPE15.28

C

C BALANCE FOR TERRESTRI AL BIOSPHERE
C

FLIN=FK45*Y4
FLOUT =(FK52+FK548*YS
WRITE ( 10,8 8 FLIN, FLOUT

.
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8 FORMAT IIH , 10X, 21HTERRESTRIAL BIOSPHERE, 12X, IPE15.2, 1?X,
2 1PE15.29.

C

C BALANCE FOR DEEP OCEAN
C

FLIN=FK36*Y3*

FLOUT =F K6 38Y6
WRITE (10,91 FLIN, FLOUT

9 FORMAT (1H , 21X, 10HOEE P '1CE AN, 12X, 1PE15.2, 13X, 1PE15.28
RETURN
END

.

A
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C
SURROUTINE DIFFUN ( N, T , X, XPI *

C

C CALCULATES TIME DERIVATIVES OF COMPARTMENT INVENTORIES, INDIVIDUAL DOSES, AND
C POPULATION DOSE. THE DIFFERENTI AL EQUATIONS ALLOW ARBITD ARY INPUT FUNCTIONS
C OF 1-129 TO E ACH ENVIRONMENT AL COMPARTMENT. *

C
IMPLICIT REAL*8 (A-H, 0-ZI
DIMENSION X(15), XP(15), XIN(9)
COMMON / BLK1/ FK12, FK13, FK21 FK24, FK31, FK36, FK43, FK45,
2 FK48, FK49, FK5 2, FK54, FK63. F K67 FK76, FK83, FK93, CLAM
COMMON / BLK2/ FK10!N, FK10FD, FK11, FK120, FK135
CCMMON/ BLK3/ YSTART
COMMON / BLK4/ PEOPLE

C

C CALCULATE INPUT FUNCTION TO ENVIRONMENTAL COMPARTMENTS
C

CALL INPUT (T, XINI
C

C OEFINE DIFFERENTI AL EQU ATIONS FOR ENVIRONMENTAL COMPARTMENTS
C
C CCEAN ATMOSPHERE
C

XP( l l =X IN( l l +FK21*X ( 2 ) +F K31* X( 31-(FK12+F K13+CL AMi *X( 18
C
C LAND ATMOSPHERE
C

XP( 2 8 =X IN(21 +FK12*X ( 11 +FK52* Xt 51 -(FK 21+FK24+CL AMi *X( 21
C

C OCEAN MIXED LAYER
C

*
XP( 3 3 =X IN( 3 8 +F K13*X t il +F K4 3*X( 4) +FK 6 3*'(( 61 +FK8 3*X t 81 + FK93* X(91-

2 ( FK31*FK36 +CL AMi*X( 38
C
C SURFACE soll REGION -

C

XP( 4 ) =X IN(4 ) +FK24*X t 2) +F K 54* XI 5 8-( FK +3*F K4 5 +FK48+FK 49 +CL AM i *X (41
C
C TERRESTPIAL BIOSPHERE
C

XP( 51=X IN(5 ) *FK45*X (41-( FK52 +FK54+CL AMi *X( 5)
C
C DEEP OCEAN
C

X P(6 3 =X IN(6 ) +FK 3 6*X t 31 +F KT6* X( 7 8 -( FK 6 3+5 K6 7+CL AMi *X t 6 8
C
C CCEAN SEDIMENTS
C

Xp(79=XIN(fl+FK67*X(61-(FKT6+CLAMi*Xtil
C

C SHALLOW SUBSURFACE REGinN OF L I T HO SPH E R E
C

XP(88=XIN(88+FK48*Xt49-(FK83*CLAMi*X(88
C
C DEEP SUBSURFACE REGION 05 LITHOSPHERE
C

.
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XP(9)=XIN(9)+FK49*X(41-(FK93+CLANI*X(9)
C.

C DEFINE DIFFEnENTI AL E@J ATIONS FOR INDIVIOUAL AND POPULATION DOSES
C
C CALCULATE POPULATION

= C
TIME =YSTART+T
PE00LE=POPULA(TIME 8

C
C IN0!V10UAL DOSE RATE FOR INTAKE FROM ATMOSPNERE
C

XP(10l=(FK10!N*FK10F0l*Xt28
C
C IN0!V100AL DOSE RATE FOR INT AKE FROM SURF ACE WATERS OF LITHOSPHERE
C

X P(11 | = FK11* ( FK43*X t 4 B +FK83 * X( 81 +FK9 3*X( 91 )
C

C INDIVIOUAL DOSE R ATE FOR INTAKE FROM OCEAN NIXE0 LAYEP
C

XP(121=FK120*Xt33
C
C IN0!VIOUAL DOSE RATE FOR INTAKE FROM SURFACE S0!L REGION
C

XP(13t=FK135*X(48
C

C TOTAL INDIVIDUAL DOSE PATE
C

X P t 141 = XP ( 101 *X P ( 118 +XP ( 121 *XP ( 131
C
C POPULATION DOSE DATE
C

*
X P ( 15 ) = PE OPL E *X P ( 141
RETURN
END

e

e

e
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C
SUBROUTINE PEDERV (N, T, X, PD, NOI ,

C
C C ALCUL ATES JACDBI AN M ATRIX FOR SYSTEM OF OtFFERENTI AL EQUATIONS
C

=IMPLICIT REAl*8 (A-H, 0-ZI
DIMENSION Xi158, PD(15,151, XP(151
COMMON / BLK1/ FK12, FK13, FK21, FK24, FK 31, FK36, FF 4 3, FK45,
2 FK48. FK49, FK52, FK54, FK63 F K67. FK76, FKB?, FK93, CLAM
COMMON / BLK2/ FK10!N, FK10FD, FK11, FK120. FK135
COMMON / BLK4/ PEOPLE

C

C INITIALIZE MATRIX TO ZERO
C

00 1 ! = 1, N
D0 1 J=1,N
DD(f.Ji=0.000

1 CONTINUE
C
C DEFINE NON-ZERO MATRIX ELEMENTS FOR EACH ENVIRCNMENTAL COMP AR TMENT
C

C CCEAN ATMOSPHERE
C

PD(lell=-(FK12*FK13+CLA41
PDil.28=FK21
P0(1,31=FK31

C
C LAND ATMOSPHERE
C

PD(2,11=FK12
P0(2,2)=-(FK21+FK24+ CLAM)

*
PDf2,51=FK52

C
C OCEAN MIXED LAYER
C ,

DD(3,13=FK13
PD(3,31=-(FK31+FK36+ CLAM)
PD(3,48=FK43
PD(3,61=FK63
PD(3,83=FK83
PD(3,98=FK93

C
C SURFACE 50ll REGIDN
C

PD(4,21=FK24
PD( 4,41 =-( F K43 * F K45 + FK48+F K49+CL AMI
00(4,58=FK54

C
C TERRESTRIAL BIOSPHERE
C

PD(5,41=FK45
PD ( 5,5 ) =-( F K5 2 +F K 54 +C L AMI

C

C DEEP OCEAN
C

PD(6,3t=FK36

.
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PD(6,68=-(FK63+FK67+CLAMI
P0(6,Tl=FKT6.

C
C OCEAN SEDIMENTS
C

e P0(7,61=FK67
P0(7,71=-(FK76+CLAMI

C
C SHALLOW SUBSURFACE REGION OF LITHOSDHERE
C

PD(8,41=FK48
PD(8.81=-(FK83+CLAMI

C
C DEEP SU35UQF ACE R EGION OF LITHOSPHERE
C

PD(9,41=FK49
PD(9,91=-(FK93+CLAMI

C

C DEFINE NON-ZERO MATRIX ELEMENTS FOR INDIVIDUAL AND POPUL ATION DOSES
C
C INDIVIDUAL DOSE RATE FOR INTAKE FROM A T M95PHE R E
C

PD(10,21=FK10lN+FK10FD
C
C INDIVIDUAL DOSE RATE FOR INT AKE FROM SURF ACE WATERS OF LITHOS PH ED E
C

PD(11,43=FK11*FK43
PD(11,85=FK11*FK83
P0(11,98=FK11*FK93

C
C INDIVIDUAL DOSE RATE FOR INTAKE FROM OCE AN MIXED L AYER

* C
PD(12,31=FK120

C
C INDIVIDUAL DOSE Rt.f t FOR INT AKE FROM SuncACE S0ll REGION.

C
P0(13,45=FK135

C
C TOTAL IN0lV100AL DOSE RATC
C

PD(14,29=0D(10,21
P0(14,3t=PD(12,38
P0(14,41=PD(11.41+PD(13.41
P0(14,81=PD(11,81
PD(14,98=PD(11,90

C
C POPULATION 00SE RATE
C

P D ( 15,21 = PE OPL E * PD( 14,2 )
P 0( 15,3 t = PEOPL E * PD( 14,3 8
90(15.41=PEOPLF*PD(14,48
PD(15,88= PEOPLE *PD(14,88
PD(15,98= PEOPLE *P0(14,93
RETURN
END

.
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C
SUBROUTINE INPUT IT, XINI .

C
C CALCULATES INPUT FUNCTION IN G/YR FOR ENVIRONMENT AL C04PA97MENTS. SUBROUTINF
C MUST BE R FWRITTEN FOR EACH DIFFERENT IN0tf FUNCTION DE SIRED

*
C
C FOR THIS CALCULATION, AN INPUT OF 1 Cl IS PLACED IN THE LAND AT4OSPHERE
C BEGINNING AT TIME ZERO AT A R ATE OF 1 CI/YR FOR 1 YEAR, WITH NO INpVT TO ANY
C CTHER COMPARTMENTS
C

IMPLICIT REAL*8 IA-H.0-Z)
DIMENSION XIN!99
CCMMON/ BLK5/ SPA 129

C
C INITIALIZE INPUT FUNCTION TO ZERO
C

DO 1 !=1,9
XINill=0.000

1 CONTINUE
C
C CALCULATE INPUT TO E NVIRONMENT AL COMP 4RTMENT S
C

IF IT .LE. 1.0001 X I NI 2 8 = l l .0001/ SP A 129
RETURN
END

e

e
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C
. DOUBLE PRECISION FUNCTION POPULA(Tl

C

C CALCULATES WORLD POPULATION BY LINEAR INTEOPOL ATION OF TABULAR OATA
C

* IMPLICIT RE Al*8 (A-H, 0-ZI
O!MENSION PEOPLE (71, YE AR ( 7 8

C
C YEARS FCR POPULATION DATA
C

OATA YF AR/ 1925.00, 1950.00, 1975.00, 2000.00, 2025.00, 2050.00,
2 2075.00/

C
C WORLD POPULATION IN BILLIONS
C

OATA PEOPLE / 1.960D0, 2.50500, 3.98800, 6.40600, 9.60500,
2 11.16300, 12.21000/

C
C CALCULATE PepVL ATION US ING LINEAP INTEOPOLATION
C

IF (T .GE. YEA #till GO TO 1
IF (T .GE. YEAR (ll .AND. T .LT. YEAR (2tl INT =1
IF (T .GE. YEAR (28 .ANO. T .LT. YEAR (319 INT =2
IF (T .GE. YEAQt31 .AND. T .LT. YEAR (4tl INT =3
IF (T .GE. YEAR (41 .AND. T .LT. YEAR (5)I INT =4
IF (T .GE. YE AR ( 5 0 .AND. T .LT. YEAR (61) INT =5
IF (T .GE. YEAR (68 .ANO. T .LT. YEAR (7tl INT =6
INTP=lNT+1
P000L A= (1.0091* ( PEOPL E( INT 8 + ( ( T-YE A R ( INT i l /( YE A9( IN T P I-YE AR ( I NTi l l

2 * ( PE0plE(INTP I-PEOPLE ( INTi l l

GC TO 2* 1 POPULAsPEOPLE(71*(1.0099
2 RFTU9N

ENO
=

.
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C
DOUBLE PRECISION FUNCTION DYEAAITI ,

C CALCULATES TIME INCREMENT FOR NEXT STED IN INTEGRATION
C

IMPLICIT RE AL*8 ( A-H 9-ZI e

IF (T .LE. 9.00-19 DYE AR a 1. 0 0-1
IF (T .GE. 1.000 .AND. T .LT. 1.0018 OYEAR=1.000
IF (T .GE. 1 001 .AND. T .LT. 1.0029 DYE AR = 1.001
IF (T .GE. 1.002 .AND. T .LT. 1.0031 DYEAR=1.002
IF (T .GE. 1.003 .AND. T .LT. 1.004) OYE AR =1.003
IF (T .GE. 1.004 .AND. T .LT. 1.005l OYFAR=1.004
IF (T .GE. 1.005 .AND. T .LT. 1.006: OYEAR=1.005
IF (T .GE. 1.006 .AND. T .LT. 1.0071 DYEAR=1 006
IF (T .GE. 1.007 .AND. T .LT. 1.0088 DYEAR=1.007
IF (T .GE. 1 008 .AND. T .LT. 1.0091 DY E AR = 1. 008
IF (T .GE. 1.009 .AND. T .LT. 1 0010) OYEAP=1.009
RETUPN
END

e
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