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A DYNAMIC MODEL OF THE GLOBAL IODINE CYCLE FOR THE ESTIMATION
OF DOSE TO THE WORLD POPULATION FROM RELEASES
OF IODINE-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-
ulation 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
rates 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
from the calculated compartment inventories of 1291, 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 thke year 2075,
the estimated population dose commitment is 2 X 10° 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 enviromment, it is important to consider not only
doses to the population in the vicinity of the release point but also,
for some radionuclides, potential doses and dose commitments to the
entire world population. The radionuclides that, because of their

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

1534 012



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

K
vironment by radiocactive decay inrlude 3H, 14C, BSKr, and 1291. Only

laC and 1291 have sufficiently long half-lives to affect the population
for many generations. Worldwide population dose commitments from

releases of 14

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.1

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
releases of 1291 to the environment. Since 1291 has a half-life of 15.7
million years,2 any release results in a potential exposure to man
essentially in perpetuity.

The primary releases of 1291 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 c¢. 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 t:echnology.B-5

129

Other significant

I in the environment include atmospheric weapons testing
238

sources of
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 Ci.a The
steady-state activity circulating in the environment trom natural
production is estimated to be 33 C1.6’7

Worldwide population dose assessments for 1291 present a difficulty
not encountered in assessments for 1l'C, resulting from the likelihood
that 1291 is transported into global circulation relatively slowly
following a release. For 1l‘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,8 is sufficiently long to allow mixing throughout the global

*Many radionuclides in the actinide series will also persist in
the environment for very long times 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.
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atmosphere before most of the release is transferred for the first time
to other parts of the environment. For 1291. on the other hand, a
release to the aztmosphere 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 1291 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
long~term worldwide population dose assessment for 1291 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

129
I. Rather, we have con-

applied following a localized release of
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 1291 for the
purpose of estimating worldwide population doses and dose commitments;
i.e., we have assumed that the released 1291 is uniformly dispersed on a
global scale throughout some part of the environment. A reasonable
elucidation o1 the global iodine cycle should help determine the need
for the intermediary 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

model descri’ the transport of 1291 between the different global
compartmen* wing a release are determinedoa‘s EUCh as possible by



an analysis of data on compartment inventories and fluxes between
compartments for naturally occurring stable iodine. The model then
gives the inventories of 1291 as a function of time in the different
compartments ror a specified release to the environment. Given the
estimated inventories of 1291 and stable iodine in the different com-
partments, worldwide population doses and dose commitments are calcu-
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 1291 to the environment. Results of
valculations for a hypothetical release of 1 Ci to various environmental
covpartments are presented and compared, and the sensitivity of the
dos:s to variations in some of the parameters for the global iodine

cycle is investigated.
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2. DEFINITION OF A LINEAR COMPARTMENT MODEL

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 Yi’ i =1 or 2, denotes
the inventory or quantity of material (assumed to be nonradioactive) in
the ith compartment at time ¢, and Ig is the flux (quantity per unit
time) into the ith compartment at time ¢ 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 ki,j is defined as
the fractional transfer rate, or the probability per unit time, for
transport of material from the 7th to the jth compartment. The re-
ciprocal of the fractional transfer rate is defined as the mean residence
time for transfer from the 7th 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
stable material from the Zth to the jth comoartmen;‘at time ¢, the

fluxes, fractional transfer rates, and compartment inventories at any

time are related by

i e (1)

The compartment model is thus linear because the fluxes are proportional
to the inventories in the compartments. In general, the fractional
transfer rates ki,j may be time dependent; however, we assume that they
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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the itk cconpartment as a function of time obeys the first-order ordinary

differential equation

dy.(t)/dt = Ii.'(t) + 2k, Y.(t) - (2 ks

e R £ ,,j)yi(t) . (2)

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

AX.(t)/dt = T(2) + L k. X.(2) = (L k. .+ X)) , (3
¢ A o M I v 5 T T 1
Jt J#t

where A is the radioactive decay constant. Writing Eq. 2 or 3 for each
compartment for a stable or radioactive material then gives a system of
equations tha* can be integrated to obtain the compartment inventories
as a functirn 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.
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Table 1. Definition of parameters in a

linear compartment model”

Parameter Units Definition

Yi Mass Quantity of stable material in 7ith
compartment

Xz Mass Quanti*y of radioactive material in
ith compartment

Ig Mass/time Flux of stable material into 7th com=-
partment from source outside compart-
mental system

If Mass/time Flux of radioactive material into ith

compartment from source outside com-
partmental system

Ff ; Mass/time Flux of stable material from ith to
sJ Jth compartment

Fg . Mass/time Flux of radioactive material from 7ith
s to Jjth compartment

ki > Time-l Fractional transfer rate for stable or
»J radioactive material from 7th to jth

compartment

T Time Mean residence time for transfer of

¢

stable or radioactive material from

ith to jth compartment (= llki j)
3

aParametera are discussed in Sect. 2.
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3. PREVIOUS DESCRIPTIONS OF THE GLOBAL IODINE CYCLE

AND 1291 POPULATION DOSE ESTIMATES

The abundance and transport of iodine in the environment has been
of interest for many years 2 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 Tsunogai13 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 implics 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 deriv.d.l1 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 assumed in the model is based on results of
laboratory measurementsl3 which showed that iodine escapes from the
ocean surface by photochemical oxidation of iodide ions when exposed to
solar ultraviolet light. This is an impcrtant 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 seawaterl4 and the concentration of
iodine in the ocean,12 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 wean residence time of 2 years, a value con;
siderably longer than expected for aeroscls or reactive gases.15 If
this value were correct, it would be reasonable to assume that a release
of 1291 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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Fig. 2. Global inventories and fluxes for naturally occurring stable
iodine proposed by Miyake and Tsunogai. Source: Y. Miyake and S. Tsunogai,
"Evaporation of Iodine from the Ocean," /. Geophye. Res. 68, 3989 (1963).
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11

that the measured iodine concentration in the atmosphere on which the
inventory in Fig. 2 is baaed13 is more than an order of magnitude larger

12,16 The mean

than values obtained from other extensive measurements.
residence tire for iodine in the atmosphere is discussed further in
Sect. 4.5.1.

The specific activity method17 has often been used to estimate

potential radiation doses to man during chronic releases of 1291 to the

atmosphere.ls-ZI These dose estimates are based on the assumption that
the specific activity (i.e., the activity of 1291 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 1291 between the dispersing medium and mar is avoided.
However, the method does not account for the dynamic behavior in the
environment of 1291 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 1291 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
1291 reaches equilibrium in that part of the environment to which man is
exposed.

Two calculations of 1291 dose to the world population using a

linear compartment model to simulate the global transport of iodine have
22,23

29

recently been reported. Kelly et al.zz estimate doses by assuming

that all of the released i 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 tramsport of 1291 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.
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thousands of years before the 1291 released to the ocean reaches
equilibrium with the stable iodine circulating in mau's exposure en-
vironment. Bergma- et aZ.23 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 GLOBAL 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
calculating 1291 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 ki,j denote the fractional
transfer rates as previously defined in Table 1.

Because the iodine concentration in the atmosphere over the ocean
is significantly greater than over land,16 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.
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deposit iodine onto the ocean mixed layer and surface soil region,
respectively.

lodine 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.

lodine 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 availabtility of separate data on
groundwater inventories and circulation rates for the shallow and deep

subsurface regions,la'za

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.
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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 1291 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,
rainfall on land, river water, and soil. Normally, these concentrations
are considerably greater near the ocean than far inland, which is the
erperted 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 tle
ocean.11 Man's industrial activities can also have significant effects

on local and regional concentrations of iodine, particularly in the ()111

5
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Table 2. Selected measurements on iodine in the environment

Location Concentration Referencesa
Atmosphere 0.2-1200 ng/m3 1-9
Land 2-14 nglm3 2
A 3
5 ng/m
Ocean 17-52 ng/m3 2
A3p ng/m3
Rainwater 0.4-15 ug/literb 4, 1014
On land . ug/liter
On oceans 1-15 ug/liter 4
A6 Lg/1iter
River water 0.1-18 ug/liter ke 30, 1,
15, 16
A3 Lg/1iter
Seawater 40-65 ug/liter 33,17
Ocean mixed layer A50 ug/liter
Dzep ocean A60 ug/liter
Ocean sediments” 40-250 ppm 15
A100 ppm
Soil 0.6-18 ppm 11, 15
A
5 ppm
Rock AU.S ppm 18
Terrestrial biosphere A0.1 pPpm 19
Fraction of iodine in
terrestrial biosphere
released to atmosphere 0.1 20, 2!

AAdopted value.
YReferences appear on the following two pages.
bl ug/liter in water is equivalent to 1 ppb.

cRecent 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
River water flow 3.23 x 1019 g/year 1
Precipitation rate 2
On land 1 x 1020 g/year
On oceans 3.2 x 1020 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
Land 1.49 x 10 n?
Oceans 3.61 x 1014 nz
Ocean sedimentation rate 2 x 1074 cm/year 4
Terrestrial biomass 1 x 1018 g 5
Net primary production rate 5.2 x 1016 g/year 5
References:

1. D. A. Livingstone, "Chemical Composition of Rivers and
Lakes," in Data of Geochemistry, 6th ed., Geological Survey Pro-
fessional Paper 440-G, U.S. Department of the Interior, 1963,

2. The Water Encyclopedia, ed. by D. K. Todd, Water
Iaformation Center, Port Washington, N.Y., 1970.

3. A. Heydemann, "Tables," vol. I, Chap. 12 in Handbook
of Geochemietry, 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 World Ecosystems, ed. by D. E. Reichle,
J. F. Franklin, and D, W, Goodell, National Academy of Sciences,
Washington, D.C., 1975.
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ltﬂoaphere.12’25’26

These observations lead to tne conclusicn 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
oceanographic ctuisea.16 The value for rainfall on the ocean is based
on measurements near sea level in Hawaii.27 The adopted concentration
in river water is within the range of values suggested by Goldschmidt.11
The adopted concentration in soil is based on data cited by Brehler and
Fuge,12 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.11
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 cccurs. According to Bolin,28
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 ine concentrations in soils in glaciated and
nonglaciated regions = suggests that the iodine content in soils mav,
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.
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flux from the atmosphere to land by dry deposition is very much less
vhan 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.g.11 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

16 25,29-31

et al. 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 glolal 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,
tne fractional transfer retes 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 ccean 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 ie 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 tu
particulates, attached to water vapor, or in gaseous form.32 The
measurements of Brauer et aZ.16 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. lierefore, 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 Touuoga113 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

¥, = (3% 107 g/m)) (3.61 x 10 n?)(7.7 x 10° m)
«8.3x10%¢ , (4)

¥, = (5 x 107 g/m’)(1.49 x 10* n?)(7.7 x 10° m)
-5.7%x100g . (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 iransfer rates are

10

. F{ JY = (3.2 x 1020 g/year)(6 x 107%)/(8.3 x 1010 &)

k
1,3

= 23 year.1 . (6)

Ky 4 = Fy 0¥, = (1% 10°0 g/year) (1 x 107%)/(5.7 x 10° g)

=17 yearm1 . (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/cmB. The iodine inventory in the surface soil region of depth 1 m
is then given by

1

Y, = (1.4 g/emd) (5 % 107°)(1.49 x 10 a®)(1 m)(10° cm?/md)

=1.0x 10 g . (8)
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The iodine inventory in the terrestrial biosphere is

¥g = (1 x 10 ppaa x107) =1 x 10t g . (9)

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
k.5 = 4,8
= (5.2 x 10'® g/year)(1 x 1077)/(1.0 x 1017 g)
- 5.0 x 1078 ycnar.1 - (10)

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

k. .= P .Y

3,2 Ss2 9
(5.2 x 10'® g/year)(1 x 1077)(0.1)/¢1 x 10 g)
= 5,2 X 10-3 yem:.1 : (11)
-2 -1
k = 9k = 4,7 x 10 © year ; (12)

5,4 5,2

4.3.3 Transfer from ocean mixed layer to ocean atmosphere

For a density of seawater of 1 g/cm3. the iodine inventory in the
ocean mixed layer of depth 75 m is

1 3 ’

Y, = (5 X 1078 g/em?)(3.61 x 10 %) (75 m)(10® em’/a)

- 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

LT

3,1 1,3

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

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

F§ : ™ (1.9 x 1012 g/year) + (1.0 x 1011 g/year)
’
- (5.2 x 108 g/year)
= 2.0 x 10'2 g/year . (14)

We note that the contribution from the terrestrial biosphere is negli-
gible. The fractional transfer rate is then

k /Y

Y
3,1 * 73,173
= (2.0 x 10* g/year)/(1.4 10 g)

«1.5% 10" year * . (15)

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 tiversla is

approximately 2.3 X 10S km3. With an assumed average concentration of 3

ug/liter, the iodine inventory is appyroximately 7 x 1011 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
the land surface is approximately 1 x 109 g/year, a value that is only

1%2 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,

P ool ek X -k, X =1.0x10" g/year, (16)

1,2 2,1 1,271 H1°2

where the net flux is given by the numerator in Eq. 7. In order to
relate the two fractiuvnal 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.
Therefor=,

14

k, Ik = (3.61 x 1014 mz)/(1.49 x 10

- 2?) = 2.4 .

1,2

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

Ky o= (1.0 x 10' g/year)/((8.3 x 1010 g) - (2.4)(5.7 x 10° g)]
= 1.4 year-l, (17)
k, . = 2,4k, ., = 3,5 year'1 (18)
2,1 " 2088 2= 3 .

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..33 the mean residence time for
carbon in the deep ocean is 1127 years, so that the fractional transfer

rate from deer ocean to ocean mixed layer is

k6 g " 1/(1127 years) = 8.9 x IO_A year-l . (19)

The fractional transfer rate from ocean mixed layer to deep ocean is
obtained by requiring the iodine ir entory in the mixed layer to be at
steady state. From Fig. 3, this condition gives
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30 ® Ko, afaley >

The iodine eatory in the deep ocean of depth 3725 m is

14

Y = (6 x 1078 g/en®) (3.61 x 10™ m2)(3.725 x 10° m) (10° em>/m)

«8.1x10%g . (20)

Therefore, using Eqs. 13 and 19, we obtain

- 15

Ky g = (8.9 % 107" year 1)(8.1 x 10 g)/(1.4 x 10

3, 8)

= 5.3 % 10"2 year } . (21)

4.3.7 Transfers between deep ocean and ocean sedimrents

Assuming an ocean sediment density of 2.5 g/cm3 (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

Fz L= (2 x 10* cm/year) (2.5 g/em’) (1 x 10~%)(3.61 x 10%% m?)

x (104 cmzlmz)
= 1.8 x 1011 g/year .

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

k, o =F

16
6,7~ F6,776

= (1.8 x 1011 g/year)/(8.1 x 107 g)

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
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flux is not known, but we can estimate the fractional transfer rate from
the measurement of Shishkina and Pavlova34 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 icdine 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[-k, (7 X 102 em)/(2 x 107 cm/year) ]

k7 "% 2.0 x 10“7 year-l : (23)

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

subsurface regicn, ard deep subsurface region

From Table 3, we assume that 83%Z of river flow is runoff from the
surface 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

11,12 show wide variations from less than 1 ppb to several

spring waters
ppm, so that it is very difficult to estimate a reliable w. -ldwide
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.

I1f we define Fi as the flux of iodine in river flow, then, from

Tables 2 and 3,

Fi = (3.23 x 10*? g/year)(3 x 107%) = 9.7 x 10!? g/year ,

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

Ky = O.BDF/Y,

15

= (0.83)(9.7 x 10'0 g/year)/(1.0 x 1017 g)
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5 -1

= 7.7 x 10~ year ; (24)
e ANF/Y, = 1.6 x 107 year™* (25)
Ky g = (3.3 % W0HEY, = 3.1 x 107 year™ . (26)

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 regiorn 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 % 1010 g/vear and 3.1 % 108
g/year, respectively, for a total flux of 1.6 x 1010 g/year. The iodine
content in groundwater flow from weathering of rock is estimated from

the weathering rate of rock,35 2 % 1015 g/year, and the iodine con-

centration in the earth's crust, 0.5 ppm from Table 2, as 1 % 109
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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I1f we assume saturated flow for the percolating water below the

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

estimated from the equation36
Vp= V4 (K0, (27)

where VI and V are the velocity of iodine and water, tespectively, in
m/year, p is the density of the porous medium in g/cn , B is the porosity
of the medium, and Ka is the distribution coefficient in ml/g. The
quantity Kd is the ratio of iodine concentration in the solid phase to
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/cm3, and an average porosity of 10%Z. From measurements
of Wildung et al.,37 we assume an average distribution coefficient for

iodine of 10 ml/g. Therefore, the retardation factor is estimated to be
R.F. = 1+ (2.5 g/em>) (10 cm/g)/(0.1) = 250 , (28)
and the downward flow velocity for iodine is
V, = (0.5 m/year)/(250) = 2 x 107 m/year . (29)

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 subsurface
regions, so that the average depth of groundwater is 400 m and ) m,
respectively. Therefore, the mean transit times for iodine to reach

groundwater, Ty in the shallow (8) and deep (d) regions are
Ti = (4 x 102 m)/(2 x 10-3 m/year) = 2 X 105 year , (30)

Tf = (2.4 % 103 m)/(2 x 10-3 m/year) = 1.2 x 106 year . (31)
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The mean residence times for groundwater in the shallow and deep
subsurface regionsla 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,

T2’ for the two compartments are

Tg = (2 x 102 year) (250) = 5 x 10“ year |, (32)
d 4 6
T, = (1 x 10" year)(250) = 2.5 x 10" year . (33)

The estimated fractional transfer rates for iodine from the shallow

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

8

k8.3 B 1/(Ti - 12) = 1/(2 % 10S year + 5 x 104 year)
e 4.0 x 10°° yoar™ , (34)
kg 3 = 1/(rf + rg) - 1/(1.2 x 10° year + 2.5 x 10° year)
= 2.7 x 10-7 yezu'-'1 . (35)
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4.4 Model Equations for Glebal 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
system of equations for obtaining the inventory of 1291 as a function of
time in each of the environmental compartments is as follows:

Ocean atmosphere

ax, ()/dt = rf(t) + Ky Kp(E) + Ky (Xy(8)

- (k + A)Xl(t) ’ (36)

1,24 5,3
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Land atmosphere

dx, (2)/dt = Ig(t) +ky gk (8) + kg X (2)

1,21
- (k2,1 . kz.l. + DX, () (37)
Ocean mixed layer
dx3(t)/dt = I‘j(t) + k1,3x1(t) + ka,axb(t) + k6’3x6(t) + ks,sxa(t)
+ k9’3X9(t) - (k:"1 + k3,6 + A)X3(t) » (38)
Surface soil region
ax,(t)/dt = I,(t) + Ky (Jo(8) + kg Xs(®) = (ko
+ kb.s + k4'8 . k4,9 + A)Xa(t) : (39)
Terrestrial biosphere
dAG(E)/dE = Tg(8) + K, X, (8) = (kg 5 + kg 4 + NXg(E) (40)
Deep ocean
dx(t)/dt = Ih(t) + Ky, g3 = (kg 3 + kg 5+ NE(®) ,  (4D)
Ocean sediments
ax,(t)/dt = Iy(t) + ke, X6 (®) = (& ¢ + DX ®) (42)
Shallow subsurface region of lithosphere
dXg(t)/dt = Th(t) + Ky, g5 (®) = (kg 3 + NXg(2) 43)
Deep subsurface region of lithosphere
dXg(£)/dt = Tg(t) + Ky, gfa(®) = (kg 5 + DIXg(E) (44)

1534 &5
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The symbols in these equations are defined in Sect. 2 and Table 1. 1In
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 productiou of 1291, input funactions
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.13 We have also ignored increases in the global
inventory resulting from leaching of iodir: in rock (see Sect. 4.3.9)
and the possibility that the iodine inventory in the surface soil region
is not at steady state.11

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 1Implications 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.
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Table 4. Mean residence times and fractional transfer rates for global iodine cycle

Mean residence Fractional tgansf er Value
Compartment time (year) rate to (year )
Ocean atmosphere 4.1 x 10.2 Land atmosphere 1.4
Ocean mixed layer - . 101
Land atmosphere 4.9 x 10-2 Ocean atmosphere s P
Surface soil region 1.7 x 10
Ocean mixed layer 1.8 x 101 Ocean atmosphere 1.3 10"3
Deep ocean 9.3 10.2
Surface soil region 1.0 x 104 Ocean mixed layer F % 10“5
Terrestrial biosphere 5.0 10-6
Shallow subsurface region 1.6 10‘-5
Deep subsurface region . %5 | 10-7
Terrestrial biosphere 1.9 x 101 Land atmosphere - 10.3
Surface soil region 4.7 10.2
Deep ocean 1.1 x 103 Ocean mixed layer 8.9 10-‘
Ocean sediments 2.2 10.6
Ocean sediments 5.0 x 106 Deep ocean 2.0 10-7
Shallow subsurface region 2.5 x 105 Ocean mixed layer 4.0 10.6
Deep subsurface region 3.7 % 106 Ocean mixed layer 2.7 10-7

aValues are derived in Sect.

4.3 for the global iodine cycle shown in Fig. 3.

7e
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Particular attention is given to the need for local and regional scale

129

models to describe the transport of 1 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 thau the mean residence
time of 2 years proposed by Miyake and Tsunogail3 in Fig. 2. The latter
value is based on an average iodine concentration ia the atmosphere of
160 ng/m3 measured in Tokyo, Japan, which is much larger than the values
we have adopted in Table 2 from the measurements of Rrauer et aZ.16 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 atmcsphere from a
point source is not likely tc 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
of a mean residence time for water of 0.2 years14 and the range of
measured distribution coefficients for iodine in soils.37 In order for

+he value obtained from the present analysis to be too large by a factor
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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
s0il 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 1291 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 1291 to
reach a ctate 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

1291 into surface waters is in-

The model assumes that a release of
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 cf 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.38

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 biospher= 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 measurements39 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
between 2.5 X 105 and 5 x 106 years. The values for vcean sediments and
the deep subsurface region are within an order of magnitude of the mean
lifetime for decay of 1291. 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 scdiments, 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.
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5. INTAKE OF 1291 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 1291, the inventories of 1291 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 1291. 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
1291 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 1291 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
given. In Sect. 5.2, the dose rates for intake of 1291 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 1Intake 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

different geographical regions and to calculate iodine intake for this
diet 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

129

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 1291. The effect of iodine supplements on intake by
man can be quite striking. As &n example, the natural iodine concen-
tration in milk is normally less than 100 ug/liter.lo whereas milk from
cows receiving iodine supplements can have concentrations an order of
magnitude larget.ao 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 Statesbl

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
(12),"2 and on average food consumption rates estimated for people in
different regions of the world in Table 122 of Reference Man."3 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.aa The assumed intake of

fluids exclusive of milk is based on data given in Reference Man.43

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.43 Therefore, since we assume an iodine concentration in the land

atmosphere from Table 2 of 5 ng/m3.
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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

aValuea are estimated as described in Sect. 5.1.1.

Iodine inhalation rate = (2.2 x 104 liters/day) (5 x 10.9 g/ma)
x (103 m3/11ter)(365 days/year)
- 4,0 x 10™° g/year . (45)

For foliar deposition, Soldatl'5 and Book et aZ.‘“ recommend the
following values of iodine concentrations in food relative to the
concentration in the atmosphere in units of m3/kg: milk, 1.25 x 103;
meat, 1.6 X 103; leafy vegetables, 2.9 x 103: other vegetables and
fruits, 2.9 x 102; and cereals, 5.4 X 102. Hoffmanb6 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 Chadwick67 report that the
deposition velocity for natural iodine is a factor of 4 less than the
value of 1 cm/sec assumed by Solo:lat.l‘5 Therefore, we assume that the
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 ziven in Table 6 and using 5 ng/m3 as the

iodine concentration in the atmosphere, we obtiin the following result:
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lodine intake rate from foliar deposition =
1.7 % 1072 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 ug/liter from Table
2), we obtain

lodine intake rate from direct ingestion of fluids =
(1.4 liters/day) (3 x 10-6 g/liter) (365 days/year)
. 1.5 % 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 11ters/kg.48 Therefore,

lodine intake rate from freshwater fish =
1/2(2.3 * 102 kg/day)(2 x 10° liters/kg)(3 ug/liter)
x (365 days/year) = 2.5 x 10°° g/year . (48)

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 iiters/day for beef and dairy cattle.49 respectively,
and transfer coefficients of 7 x 10-3 day/kg for iodine in meatl'9 and
1 x 10°2 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 ug/liter)(1 x 10 ° day/liter)

x (0.26 liters/day) (365 days/year) = 1.7 x 10'4 g/year
(49)
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lodine intake rate from surface waters via meat =

(40 liters/day) (3 ug/liter)(? x 107>

day/kg) (0.07 kg/day)
x (365 days/year) = 2.2 x 10™° g/year . (50)

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 =
4.2 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 concentratinn factor for iodine in saltwater fish
and shellfish of 30 litel’s/kg.“8 From Table 2, the average iodine

concentration in the ocean mixed layer is 50 ug/liter. Therefore,
Iodine intake rate from ocean mixed layer =
1/2(2.3 x 10" 2 kg/day) (3 x 10* 1liters/kg)(50 ug/liter)

x (365 days/year) = 6.2 x 1073 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
Soldal:l‘5 and the Nuclear Regulatory Commission51 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.l‘5
Therefore, using the intake rates by man in Table 6 and the transfer

coefficients tor livestock given in Sect. 5.1.3, we obtain
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Iodine intake rate from soil via milk =

(55 kg/day) (1 x 10™* g/kg)(1 * 1072 day/kg)

x (0.26 kg/liter) (365 days/year) = 5.1 x 10™° g/year, (53)
Iodine intake rate from soil via meat =

(55 kg/day) (1 * 10™% g/kg) (7 x 10>

dav/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 =
(1 kg/day) (1 x 10™* g/kg) (365 deys/year)
= 3.7 x 1072 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 =

4.3 % 10”2 g/year . (56)

5.1.6 Total intake of stable iodine

The total intake rates of stable 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 B80%Z 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 clear, therefore, that specific
activity calculations based on iodine concentrations in either the
atmosphere or the ocean mixed layer are not appropriate for assessing
doses for 1291 prior to the time the released 1291 reaches equilibrium

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 ug/day. This value is in reason-
able agreement with the estimate of 200 ug/day given in Reference Mkm.l‘3
This latter value was derived by calculating the constant intake re-
quired to maintain an average iodine content in the thyroid of 12 mg,43
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.

5.2 1Individual Dose Rates from Intake of 1291

from Environmental Compartments

Calculation of the dose rates from intake of 1291 by a reference

individual from the different environmental compartments requires the

specific activity of 1291 and the dose conversion factors for inhalation

and ingestion. The half-life for 1291 of 1.57 x 107 years corresponds
to a specific activity of
spa(t?%1) = 177 uci/g . (57)

The adopted dose conversion factors for inhalation and ingestion are53

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

Source in environment Intake rate (g/year)
Atmosphere
Inhalation 4.0 % 10.5
Foliar Deposition 3.7 % 10-3
Land surface waters 4.2 x 10-3
Ocean mixed layer 6.2 X 10.3
Surface soil region 4.3 % 10-2
Total 5.5 x 1072

aValues are calculated in Sect. 5.1.
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DCF(inh) = 4.97 rems/uCi (58)

and
DCF(ing) = 7.78 rems/uCi , (59)

respectively. These values are the maximum 50-year dose commitments to
the thyroid for an acute intake of 1 pCi. Since the biological half-
time for iodine in the thyroid is approximately 120 days,53 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 uCi/year.
Given the specific activity and dose conversion factors for 1291
and the pathway analysis for intake of stable iodine by a reference
individual in Sect. 5.1, the dose rates for intake of 1291 from the

different 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-
sphere of 5.7 X 109 g results in an intake of 4.0 X 10.5 g/year.

Therefore, the dose rate for an average individual from inhalation of

1291 from the land atmosphere with inventory Xz(t) is

Dose rate from inhalation = [(4.0 x 10-5 g/year) /(5.7 x 109 g)]
X (177 uCi/g)(4.97 rems/uCi)X, (t)

= (6.1 x 1012

rem/g°year)X2(t) . (60)
For foliar deposition, a similar calculation gives
Dose rate from foliar deposition =
(1.7 x 1072 g/year)/(5.7 x 10° g)1(177 yci/g)
x (7.78 rems/uCi)Xz(t)

= (4.1 x 1010 ren/gyear)X,(t) . (61)

5.2.2 Dose rate from land surface waters

From Sect. 4.3.8, the flux of iodine in river water is 9.7 X 1010

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
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lithosphere. Therefore, from Fig. 3, the flux of 1291 in river water
Fﬁ, can be written as
Fie) = K, 4 () + kg JHg(®) + kg Xo(t) . (62)

Since the intake rate of stable iodine from land surface waters is

4,2 x 10.3 g/year, we obtain
Dose rate from land surface waters =
[(4.2 x 1072 g/year)/(9.7 x 100 g/year)1(177 uci/g)
X (7.78 rems/uCi)F: (%)

= (5.8 x 10-11 rem/g)Fﬁ(t) . (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 =
[(6.2 x 1072 g/year)/(1.4 x 10%° g)](177 uci/g)

x (7.78 rems/uCi)X3(t)

- (6.4 x 10712

where X3(t) is the 1291 inventory in the ocean mixed layer.

rem/g'year)X3(t) ; (64)

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 cbtain

Dose rate from surface soil region =
[(4.3 x 1072 g/year) /(1.0 x 1015 g)1(177 uci/g)

x (7.78 rems/uCi)Xa(t)

- (5.6 x 10”14

where Xa(t) is the 1291 inventory in the surface soil region.

rem/g°year)X6(t) s (65)

1534 059



50

5.2.5 Summary of dose rates from intake of 1291

The coefficients derived in Egqs. %0, 61, and 63-65 for obtaining
the dose rate to a reference individual from intake of 129I from the
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 1291 inventory
or flux in the particular exposure environmert at that time and adding
the resulting dose rates. From Eq. 62, the 1291 flux in river water

arises from the inventory in all three compartments of the lithosphere.

Table 8. Coefficients for dose rates from intake of 1291
by a reference individual?

Intake pathway Exposure environment Coefficient

Inhalation Land atmosphere 6.1 x 10.12 rem/g*year
Ingestion following Land atmosphere 4.1 x 10720 rem/g*year

foliar deposition

Ingestion from water Land surface waters 5.8 x 10-11 rem/g
Ingestion of sea food Ocean mixed layer 6.4 x 10“15 rem/g*year
Ingestion €~llowing Surface soil region 5.6 X 10-1“ rem/g*year

root uptake

aThe coefficients are derived in Sect. 5.2.

5.3 Estimate of World Population and Population Dose

1f dD(t)/dt is defined as the individual dose rate at time t, the
population dose delivered between times to and tl is given by
1
D(to. tl) -f N(t) [dD(t)/dt] dt man-rem |, (66)

%o

where N(tf) is the world population at time t. We adopt a United Nations
projectionSA 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 1291 has a half-life of
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15.7 million years.2 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
tl at which a state of near equilibrium of the released 1291 in the

environmental compartments is achieved. The time £, is taken to be

1
tl = 2/min(k£ j) & (67)

’

where min(ki j) is the smallest fractional transfer rate in the global

model. The population dose from time ¢, to infinity is then given by

1
D(ty, +=) = N(t,)[dD(z)/dt]/A (68)

where N(tl) is the population at time tl (12.21 billion),

dD(tl)/dt is the individual dose rate at time tl’ and A = 4,41 %
10-8 year-1 is the radiological decay constant for 1291. The popu-
lation dose commitment is then the sum of the doses calculated in

Eqs. 66 and 68.
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6. THE COMPUTER CODE

The computer code IODES (Iodine, Gr.) has been written to perform
calculations for the global iodine model proposed in this report. The
code calculates inventories of 1291 in the nine environmental compartments
for a given release by integrating Eqs. 36-44, calculates individual
dose rates and cumulative individual doses from intake of 1291 from Egs.
60, 61, and 63-65, and calculates cumulative population doses from Egs.

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.55
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 IODES 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
from intake of 1291 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
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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 glotal 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 GEAR, 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 159

I for the environmental compartments ior 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.

1534 063



55

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

releases of 129I to the environment are presented. In all calculations,

the input function describes a pulse release of 1291 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 1291 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 1291 in the environmental compartments as a
function of time for the first 105 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 atmusphere is very short, the inventories
in the ocean mixed layer and surface soil region increase almos: 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
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Fig. 5. Compartment inventories vs. time for a release of 1 Ci of
‘291 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 atrmosphere, 2 = land atmosphere,
3 = ocean mixed layer, 4 = surface soil region, 5 = terrestrial bliosphere,
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-

port of 1291 into the deep ocean; these inventories then increase

somewhat between 100 and 40,000 years as 1291 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
but increases more slowly thereafter as 1291 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
most of the first 105 years, demonstrating that these compartments are
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 1291
has not reached equilibrium in the different environmental compartments
within the first 10S years. In fact, equilibrium throughout the global
cycle is not achieved until approximately 107 years following the release,
at which time most of the released 1291 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

from which man receives most of the intake of 1291

- the atmosphere,
ocean mixed layer, and surface soil region - reach a state of near
equilibrium after approximately 105 years.

The dose rates to a reference individual from intake of 1291 from
different parts of the enviromment 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 proporticnal to the
inventories of 1291 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 105 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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compartment 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 don» so here. A comparison of the individual
dose rates for the first 105 years for a 1-Ci release to each of the
four 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“7 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
approximately the same after 105 years, since, as shown in Fig. 5, the
1291 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

release of 1291 to the environmental compartment at a rate of 1 Ci/year

provided the global circulation of 1291 is at steady state. In spite of
the large differences in individual dose rates for releases to the
different compartments for the first 105 years (see Fig. 7), we aote
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
releases to the different compartments for the first 106 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 105 years. It
is noteworthy that the population doses after 106 years are between 20

and 40% of the infinite~time dose commitment, whereas only 47 of the
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Table 9. Individual dose commitments for a release of

1 Ci of 1291 to the environment?

Release to Individual dose

commitment (rem)
Land atmosphere 1.5 x 107
Ocean atmosphere 1.2 x 10-5
Ocean mixed layer 1.2 % 10-5
Surface soil region 1.6 x 107°

aCalculations are for the reference model defined
in Tables 4 and 8.

released 1291 has decayed during this time period. This reflects the

property of the reference model that most of the released 1291 is trans-
ported to the ocean sediments compartment within 106 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 1291 which has decayed during that time.

Bergman et al.23 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 10-4 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
1291 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. after 500 years appears to result from a much shorter mean
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Table 10.

Population doses and dose commitments from release of 1 Ci of

129

I

Time (year)a

Dose (man-rem) for release to

Land atmosphere

Ocean atmosphere

Ocean mixed layer

Surface soil region
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residence time for iodine in the land compartment than the value of
approximately 104 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
105 vears is required in our model. A proper comparison of the two sets
of calculations cannot be made here, since Bergman et al. have giver no

details of their models for global trarsport and intake of 129I.

7.2 Parameter Sensitivity Analysis

In this section, 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 release 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(z) 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 106 years but no effect on the doses for the first 106 years.
These results can be understood by reference to Fig. 5, which shows that

the inventory in ocean sediments is insignificant for the first 104
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Comparison

reference model with
global iodine cycle

64

of population doses and dose commitments from

values from variations in parameters of the

for a 1-Ci release to the land atmosphere

Calculationg

Dose (man-rem) after time

10“

106

10" years years years Infiuity

Reference 7.9 x 102 2.3 x 10° 6.5 x 10° 1.8 x 10°
5 4 4 5

1(a) 7.9 x 10 2.3 % 10 7.4 x 10 7.1 x 10
1(b) 7.9 x 10° 2.3 x 10° 6.3 x 10* 8.0 x 10°
2(a) 7.9 x 10° 2.3 x 10° 6.5 x 10° 1.8 x 10°
2(b) 7.8 x 10° 2.3 x 10° 6.5 x 10* 1.8 x 10°
3(a) 7.9 x 10° 2.4 x 10° 6.5 x 10° 1.8 x 10°
3(b) 7.8 x 10° 2.3 x 10° 6.5 x 10° 1.8 x 10°
4(a) 7.9 x 10 2.4 x 10* 6.6 x 10" 1.8 x 10°
4(b) 7.9 x 10% 2.3 x10° 6.1 x 10* 1.7 x 10°
5(a) 6.5 x 10° 1.5 x 10* 6.4 x 10" 1.8 x 10°
5(b) 1 x 10° 3.3 x 10* 6.5 x 10 1.8 x 10°

9poses 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

Calculation” 102 years 104 years 106 years Infinity
Reference Boa N 101 1.7 % 103 2.9 % 10“ 1.5 % 105
1(a) 5.2 x 10° 1.7 x 100 3.9 x 10° 6.8 x 10°
1(b) 5.2 x 100 1.7 x 100 2.8 x 10° 4.4 x 10°
2(a) 5.3 x 10° 1.7 x 100 2.9 x 10° 1.5 x 10°
2(b) 5.2 x 10* 1.7 x 100 2.9 x 10° 1.5 x 10°
3(a) 5.8 x 10* 1.7 x 10> 2.9 x 10" 1.5 x 10°
3(b) 4.9 x 10% 1.7 x 100 2.9 x 10° 1.5 x 10°
4(a) 5.2 x 10° 1.7 x 100 2.9 x 10° 1.5 x 10°
4(b) 5.2 x 10% 1.7 x 100 2.8 x 10° 1.4 x 10°
5(a) 4.4 x 10* 1.1 x 100 2.9 x 10° 1.5 x 10°
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

Calculation” 102 years 104 years 106 years Infinity
2 4 5

Reference 6.4 3.2 x 10 2.7 % 10 1.4 x 10
1(a) 6.4 3.2 x 102 3.6 x 10° 6.8 x 10°
1(b) 6.4 3.2 x 102 2.5 x 10° 4.1 x 10°
2(a) 6.5 3.2 x 102 2.7 x 10 1.4 x 10°
2(b) 6.4 3.2 x 102 2.7 x 10 1.4 x 10°
3(a) 1.3 x 10" 1.6 x 102 2.7 x 10° 1.4 x 10°
3(b) 3.2 3.0 x 102 2.7 x 10" 1.4 x 10°
4(a) 6.4 3.2 x 102 2.7 x 10" 1.5 x 10°
4(b) 6.4 3.2 x 102 2.5 x 10" 1.4 x 10°
5(a) 6.3 2.3 x 102 2.6 x 10° 1.4 x 10°
5(b) 6.8 6.6 x 102 2.7 x 10° 1.4 x 10°

“poses for reference calculation are given in Table 10; other
calculations are described in Sect. 7.2.
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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

Calculation® 102 years 106 years 106 years Infinity
Reference 3.1 x 102 2.7 % 104 Tuld R 104 1.9 x 105
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°
2(b) .1 x 10° 2.7 x 10° 7.1 x 10° 1.9 x 10°
3(a) 3.1 x 10° 2.7 x 10° 7.1 x 10® 1.9 x 10°
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°
4(b) 3.1 x 10° 2.7 x 10 6.7 x 10° 1.8 x 10°
5(a) .6 x 10° 1.7 x 10° 3 » 10 1.9 x 10°
5(b) 6.2 x 10° 3.8 x 10* 7.1 x 10” 1.9 x 10°

“poses for reference calculation are given in Table 10; other
calculations are described in Sect. 7.2.
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years but that the ocean sediments compartment becomes the most important
sink for the circulating 1291 beyond 105 years. If 1291 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 Variation of the stable 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
calculatiors 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 zffects the population dose
only during a release to the atmosphere and for the short time thereafter
during which the released 1291 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 crder 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 or 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 106 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 c;mpartments 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 104 years but has a negligible
effect on the doses for times after the released 1291 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 1291 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

129

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 129I 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 1291 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
can provide significant sinks for the circulating 1291 and thus affect

the long-term doses and dose commitments.
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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 estim ting worldwide population doses and
dose commitments from releases of 129I to the environment. Estimates of
dose rates to a reference individual and population doses are obtained
from (1) the inventories of 1291 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, envirommental 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 cor_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
iodine is a relatively slow process, so that a release of 1291 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.13 If the shorter mean residence
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time is the more realistic, then a release to the atmcsphere 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
thelland surface or surface waters, will result in a nonuniform distribution
of 29

iodine in the surface soil region is predicted to be 10,000 years and

I over the earth's surface. Since the mean residence time of

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 1291 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 1291
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
showed that for the first 105 years following a release, the most important
parameter for determining dose rates and cumulative doses is the 104-
year mean residence time for iodine in the surface soil region. After
105 years, the released 1291 is nearly in equilibrium with the inventories
of natural iodine in the environmental compartments to which man is
exposed. The doses beyond 105 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

129

compartment is the most effective in removing I from man's exposure

environment.

For a release of 1 Ci of 1291. the resulting dose rate to an

-12_, -9

rem/year depending on the compartment in which the release occurs. The

individual after the end of the release is very low, being 10

total dose that would be accumulated by an individual over infinite time

is only 10-20 urems. Therefore, it is apparent that large quantities of
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globally dispersed 1291 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
world-wide population dose commitment for 1291 is approximately 2 105
man-rems/Ci. 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 1I‘C. Because of the 15.7 million-year
half-life for 1291, only a small percentage of the population dose commit-
ment will be delivered during the first 105 years following 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
consequent estimation of health risks for 1291 for times as long as a
few tens of thousands of years is a potentially meaningful exercise. It
is during this time following a release that the 1291 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 1291
has reached equilibrium with the globally circulating natural iodine.

We suggest, therefore, that future efforts in describing the transport

of iodine in the enviromment shculd concentrate on those aspects of the
models that are important for relatively short time periods (up to 10&-
10S 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
129
I.
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Appendix

LISTING OF THE CODE ICDES

A listing of the computer code IODES is given on the following
pages, with the exception of the on-line software package GEAR1 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.
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PRCGRAM INCES (I0DINE, GR.)

A PROGRAM TO ESTIMATE DOSE RATES AND CUMULATIVE DNSES TN THE WORLD POPULATION
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FROM ENVIRONMENTAL RELEASES OF 1-129. A LINFAR, TIME-INVARIANT COMPACTMENY
MODEL 1S USED TO CALCULATE INVENTORIES OF 1-129 IN VARIOUS ENVIRONMENTAL
COMPARTMENTS AS A FUNCTINN NF TIME AFTER THE AEGINNING OF A RELEASE, THF
AVERAGE INTAME OF [=129 IS CALCULATED FROM THF COMPARTMENT INVENTNRIES NF
1-129 AND THE ESTYMATED INTAKE OF STABLE IODINE FROM THE CIFFERENT
COMPARTMENTS BY A REFERENCE INDIVIDUAL.

PROGRAM AUTHOR: D. C. KNCHER

HEALTH AND SAFETY RESEARCH OIVISION
OAK RIDGE NATIONAL LABORATORY

Pe 0. BNX X

OAK RINGF, TENNESSEE 37830

DATE: APRIL 1979

IMPLITIYT REAL®*8 (A-H, 0=}

EXTERNAL DIFFUN, PEDERY

DIMENSION X(15), XP(15)

COMMON/ BLKL/ FKL12, FKL13, FK21l, FK24, FK31, FK36, FK&3, FK&S,
2 FK&B, FK&49, FX52, FK54, FK&3, FKET, FKT6, FX~3, FXG], FLAM
COMMON/ BLK2/ FK10IN, FX10FD, FK11, FK120, FK13S

CCMMON/ BLK3/ YSTART

COMMNON/ BLKS/ SPAL29

DEFINE PARAMETERS FOR CALCULATION OF FRACTINNAL TRANSFER RATES OF 1-129

RETWEEN ENVIRNNMENTAL COMPARTMENTS
AVERAGE ANNUAL RATNFALL TN LAND IN G/YR
AVERAGE FRACTIONAL CONTENTY OF IOBINE IN RAINFALL OVFR LAND
AVERAGE ANNUAL RAINFALL ON NCEANS TN G/YR
AVERAGE FRACTIONAL CONTENT 0OF IONINE [N RAINFALL NVER OCFANS
DATA RAINL, FINDRL, RAINN, FINDRO/ 1.00Z0, 1.00-9, 32,2020, 6.0n-9/

AVERAGE ANNUAL RUNOFF OF RIVERS IN G/YR
AVERAGE FRACTIONAL CONTENT NF IONINE IN RIVER WATER

DATA RIVRUN, FIODRV/ 3,23019, 2.00-9/

AVERAGE CONCENTRATION NF IODINE IN ATMOSPHERE OVER LAND IN G/Z(CU M)
AVERAGE CONCENTRATION OF [ODINE IN ATMOSPHERE OVER OCEANS IN G/7(CU W)

DATA CIODAL, CIODAD/ 5.00-9, 3.00-8/
ATOMIC MASS OF 1-129
HKALF-LIFE OF [-129 IN YR
AVNGADRO'S NUMBER
DATA EMI129, THALF, AVO/ 1.2902, 1.57D7, 6.02023/

AREA OF LAND SURFACE IN SQ M
AREA OF OCEAN SURFACE IN SQ M
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HEIGHT OF HOMOGENEOQUS ATMOSPHERE IN M
DENSITY OF WATER IN G/(CU CM)

DEPTH OF NCEAN MIXED LAYER I[N ™

DEPTH OF DFEP OCEAN IN M

DATA AREAL, AREAD, ZATM, RHOW, ZML, ZD0/ 1.49014, 2.61D14, 7.7D3,
2 1.0004 7.5D1, 3,72503/

AVERAGE FRACTINNAL CONTENY OF INDINE IN NCEAN MIXED LAYER
AVERAGE FRACTIONAL CONTENT OF INCINE IN DEEP OCEAN

DATA FINDML, FIOCDDO/ 5.00-8¢ 6.00-8/

DEPOSITION RATE NOF DCEAN SEDIMENTS IN CM/YR
AVERAGE DENSITY OF SEDIMENTS 14 G/(CJU CM)
AVERAGE FRACTIONAL CONTENT NF IONDINE IN SEDIMENTS

DATA SEORAT, RWNSED, FIODSD/ 2.00-4, 2.500, 1.00-4/

FRACTION NF RIVER RUNOFF FROM SURFACE SOIL REGINN
FRACTION OF RIVFR RUNNDFF FROM SHALLOW SUBSUPFACE PEGION
FRACTION OF RIVER RUNOFF FRNM DEEP SURSURFACFE PFEGINON

DATA FRUNSL, FRUNSH, FRUNDP/ 8.,30-1, 1.70-1, 3.3D-3/

AVERAGE DENSITY NF SOIL IN G/(CU CM)
ASSUMED DEPTH OF SURFACE SOIL REGION IN M
AVERAGE FRACTYIONAL CONTENT OF IODINE IN SOIL

DATA RMOSL, 2SO0TL, FITDSL/ 1.4D0, 1.000, S5.0D-6/

TERRESTRIAL 210MASS IN G

NET PRIMARY PRODUCTINN NOF TERRESTRIAL BINMASS N G/YP

AVERAGE FRACTIONAL CONTENT OF INDINE IN TERRESTRIAL BINSPHFRE

AVERAGE FRACTION OF T0ODINE IN TERRESTRIAL BIOSPHERE RELEASEN TD ATMNSPHERE

DATA BIOMAS, BIPROD, FINDYB, FIBRYA/ 1.0D18, S.2016, 1.0D-7,
2 1.00-1/

ASSUMED AVERAGE DOWNWARD WATER FLOW VELOCITY THROUGH POROUS R|OCK TN M/YP

ASSUMED AVERAGF DENSITY OF POROUS ROCK IN SHALLOW AND DEFP SUBSURFACE
REGIONS IN G/(CU CM)

ASSUMED AVERAGE PNensSITy OF ROCK

ASSUMED AVERAGE IODINE SOIL-WAYER DISTRIBUTION CNEFFICIENT IN L/XG

DATA VEtH.TQ ﬁNORCKo DOQOS' FXn/ 5.00-10 2-500' ‘oOD’l' I.OOII
ASSUMED AVERAGE DEPTH OF GROUNDWATER [N SHALLOW SUBSURFACE REGION IN M
MEAN RESIDENCE TIME OF GROUNDWATER IN SHALLOW SUBSURFACE PEGION IN YR
ASSUMED AVERAGE DEPTH OF GROUNDWATER IN DEEP SUBSUARFACE PREGION TN M
MEAN RESIDENCE TIME OF GROUNDWATER IN DEEP SUBSURFACE REGION IN YR

OATA ISHGRW, TSHGRW, ZDPGRW, TDPGRW/ 4.00D2, 2.0D2, 2.4D3, 1.0Nn&/

DEFINE ADDITIONAL PARAMETERS FOR CALCULAYION OF DOSF FROM INTAKE OF [-129 AY A

REFERENCE INDIVIDUAL

AVERAGE INTAKE OF FDODSTUFFS IN XG/D--
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MILK

OTHER FLUIDS

MEAT

LEAFY VEGETABLES

OTHER VEGETARLES, FRUITS, AND NUTS
CEREALS

FISH

OTHER FODDSTUFFS

DATA QMILK, QFLUID, QMEAT, QLVEG, QOVEG, QCER, QFISH, QOTHER/
2 2.60-1, 1,400y 7.00-2, B.00-2, 2.59~1y, 3.8D-1, 2.30-2, 2.8N-1/

AVERACE INTAKE OF AIR IN L/D
DATA QAIR/ 2,204/

TRANSFER COEFFICIENTS FRNM ATMOSPHERE TO FOODSTUFFS VIA FOLTIAR DEPOSITINN 1IN

(CU M)/ KG=~

MILK

MEAT

LEAFY VEGETABLES

OTHER VEGETABLES AND FRUITS
CEREALS

DATA CAMILK, CAMEAT, CALVEG, CAOVEG, CACER/ 1.2502,
2 2.902, S.4D2/

AVERAGE INTAKE OF WATER BY CATYLE IN KG/D--
DATIRY CATTLE
BEEF CATTLE
DATA DrWAY, BCWAT/ 6,001, 4.001/
TRANSFER COEFFICIENTS FOR CATTLE FROM INGESTION--
MILK IN D/L
MEAT IN D/XG
DAYA CIMILK, CIMEAT/ 1,00-2,4 T7.0D-3/
CONCENTRATYION FACTORS FNR [ODINE IN FISH IN L/XG--
FRESHWATER FISH
SALTWATER FISH
DATA CFFRF, CFSAF/ 2,002, 3,001/
AVERAGE INTAKE OF FORAGE BY CATTLE IN KG/D

DATA QOFIRG/ 5.501/

L.603, 2.903,

ONSE CONVERSION FACTORS FOR MAXIMUM 50-YEAR DOSE COMMITMENT TO THYRNID FROM

INHALATION AND INGESTION OF 1-129 IN REM/MICROCURIE
DATA DCFINH, DCFING/ 4.97D0, T7.7800/
NUMBER OF DAYS PER YEAR

NUMBER OF DISINTEGRATINNS PER SECOND PER CURIE
NUMBER OF SECONDS PER YEAR
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DATA DPY, DPSPCI, SPY/ 3,6502, 3.7010, 3.153607/

CALCULATE FRACTTIONAL TRANSFER RATES OF [NDINE BETWEEN ENVIRONMENTAL
COMPARTMENTS, THE QUANTITY YI DENOTES THE MASS OF STABLE IODINE IN
COMPARTMENT I IN G THE QUANTITY YIJ DENNTES THF FLUX OF STABLE
INDINE FROM COMPARTMENT [ TO COMPARTMENT J IN G/YR, THE QUANTITY FKIJ
DENOTES THE FRACTIONAL TRANSFER RATE FROM COMPARTMENT [ TO COMPARTMENT J [N
UNITS OF 1/7YR., THE INDICES HAVE THE FOLLDOWING MEANING--

I = OCEAN ATMOSPHERE

= LAND ATMOSPHERE

OCEAN MIXED LAYER

SURFACE SOIL REGION

TERRESTRTIAL BIOSPHERE

DEEP DCEAN

OCEAN SEDIMENTS

SHALLNW SUBSURFACE REGION OF LITHOSPHERE

DEEP SUBSURFACE REGION OF LITHOSPHERE

Do~ NPwN

CCEAN ATMOSPHERE TO MIXED LAYER; LAND ATMOSPHERE TN SURFACE SNIL REGTNN
FLUXES

Y12=RAINO*F 1 ODRN
Y24=RAINLSFIODRL

IDDINE CONTENT OF NCEAN AND LAND ATMNSPHERE [N HOMNGEMEDUS APPRNAXTMATT AN
Y1=CINDAD®AREAN® AT M

Y1i=(1.0D1)eY]

Y2=CI0DDAL®APEAL® ZATM™

Y2=(1.0D101%Y2

FRACTINNAL TRANSFER RATES

FK13=Y13/Y1
FR24=Y24/Y2

TERRESTRIAL BTOSPHERE TN ATMNSPHERE AND SURFACE SNIL °EGION
IODINE CONTENT [N TERRESTRTAL BRIOSPHERF
Y5=B10MAS*F 1NDTR
FLUXES

¥52=81PROD*F [ONTE*F[RTA
YS54=8IPROD*FIOODTA*(1,0D0-FIBTA)

FRACTIONAL TRANSFER RATES

FK52=B1PROD*F [BTA/BIOMAS
FKS54=BIPROND*(1.0D0-FTIATA) /BIOMAS

LAND ATMOSPHERE T0O NCEAN ATMNSPHERE AND VICE VERSA
NET FLUX FROM OCEAN ATMOSPHERE TO LAND ATMOSPHERE

Y12=Y24-Y52
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ASSUMED RATIO OF FK21 YO FK12
RATOA=AREAD/ARFAL
FRACTIONAL TRANSFER RATES

FKL12=Y12/(Y1-RATDA®Y2)
FK21=PATOA®*FK ]2

MIXED LAYER TO OCEAN ATMOSPHERE
IODINE CONTENT IN MIXED LAYER
Y2=RHOW*AREAQ®ZML*F 1N0ML*(1.0D6)
FRACTIONAL TRANSFER RATE
FKIlI=(Y13eY24)/Y3

DEEP OCEAN TO MIXED LAYE®R
ASSUMED MEAN RESIDENCE TIME FOR JODINE IN DEE® OCEAN IN YR
TOPNC=1,127D3
FRACTIONAL TRANSFER RATF
FX63=(1.000)/770P0OC

MIXED LAYER TO DEEP NCEAN
IODINE CONTENT OF DEFP OCEAN
Y6=RHOWSAREAN*ZDO*F INDDO* (] .006)
FRACTIONAL TRANSFER RATF
FK36=YH6*FKEI/YD

CEEP OCEAN YO DOTEAN SEDIMENTS
FLUX
Y6T7=SEDRAT*AREAO*RHOSED*F [ODSD*( 1.0D4)
FRACTIONAL TRANSFER PRATE
FKET=Y6T/YE

CCEAN SEDIMENTS TO DEEP OCEAN

CALCULATION 1S BASED NN MEASUREMENT THAT ICOINE CONTENT IN SEDIMENTS (S

REDUCED BY A FACTOR NF 2 AT A DEPTH NF 7 M
FKT6==(DLOG( 05001V *SEDRAT/(T.0D2)

SURFACE SCIL REGION TO TERRESTRIAL BIOSPHERE, OCEAN MIXED LAYER,
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SUBSURF ACE AND DEEP SUBSURFACE REGIONS NF LITHOSPHERE
TODINE CONTENT OF SURFACE SOYL REGION
Y4=RHOSLSAREAL*ZSOIL*FIODSL*(1.00D6)

FLUX FROM LITHOSPHERE TN NCEAN MIXED LAYER

YLAND2=R [VRUN®FIDDRY

FRACTIONAL TRANSFER RATES

FRAS=(Y52eY54)/Y4

FRK&3I=YLAND2#*FRUNSL/YS

FRKAB=YLAND2*FRUNSH/Y S
FRAG=YLANDZ2*FRUNDP/ Y4

SHALLOW SUBSURFACF AND DEFP SUBSURFACE RFGIONS NF LITHOSPHERE TN NCFAN MIXED

LAYER

THIS CALCULATINN GIVES MEAN RESIDENCE TIMES BY ASSUMING THAT ONLY 10D
WHICH IS TRANSPORTED SY THE NOWNWARD FLNW NDF WATER FRMM THE SURFACF
REGINN 1S ACCESSIBLE TN GRDUNDWATER

RETARDATION FACTOR FNR 10DINE

RETARD= 1, 000¢RHORCK*FKD/PORDS

DOWNWARD FLOW VELODCITY OF TODINE IN M/YR

VIOD=VELWAT/RETARD

INE
SPIL

AVERAGE TIME OF TRANSPNRY TO GROUNDWATER [N SHALLOW AND DFEP SURSUPFATE

REGIONS IN YR

TRANSH= ZSHGRW/VIND
TRANDP= ZDPGRW/VTIND

FRACTIONAL TRANSFER RATES

FXB3={1.0D0) /{TRANSHeTSHGRW*RETARD)
FKG3=(]1.0D0)/(TRANDP+TNPGRW*RETARD)

CALCULATE RADIOACTIVE DECAY CONSTANT [N 1/YR
CLAM=DLOG (2,000 /THALF

CALCULATE COEFFICIENTS FOR OATAINING DOSE RATES FROM [INTAKE OF 1-129 FROM

INVENTORTES IN ENVIRONMENTAL COMPARTMENTS, THE INDICES HAVE THE FOLLOWIMG

MEANING=-~-
10 = INTAKE FROM ATMOSPHERE
Ll = INTAKE FROM SURFACE WATERS OF LITHNSPHERE
12 = INTAKFE FROM OCFAN MIXED LAYER
13 « INTAKF FRNM SURFACE SNIL REGINN

SPECIFIC ACTIVITY OF I-129 IN CI/G

SPAL29=AVO*CLAM/(EMTL29%SPYSDPSPCT)
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INTAKE FROM ATMOSPHERE
IODINE INTAKE FRGM INHALATION AND FOLIAR DEPOSITION IN MICRNGRAMS/YR
QIOINH=QAIR* CIODAL*OPY#*(1.0D3)
QINFOD= (QMILK*CAMILKSQMEATHCAMEAT+QLVEG*CALVEG*QNVEGSCAOVEG +QCERS
2 CACER)=CINDAL*DPY*(1.006)
INTAKE COEFFICIENTS FOR INHALATION AND FOLIAR DEPOSITION

FKLIOIN=QIOQINH*SPAL2G*DCF INH/Y2
FKLOFD=QIOFND*SPAL29%DCF ING/Y2

INTAKE FROM SURFACE WATEQS OF LITHOSOHERE
10DINE INTAKE FROM INGESTION OF FLUIDS BY MAN, INGESTINN NF WATER BY NAIRY
CATTLE, INGESTION NF WATER BY REEF CATTLE, AND INGESTION OF FRESHWATER
FISH IN MICRNGRAMS/YR
QIOFL=QFLUID*FINORV*DPY*(1.009)
QICOCW=NCWAT*FINDRYECIMILK*QMTI LK*DPY*(]1,0D9)
QINBCH=BCWAT#FIDDRV*CIMEAT*QMEAT*0PY*(]1.009)
QINFWF=QF ISH* FFRF*FINNRYEDPY#* (1 .0091 /(22,0000
INTAKE COEFFICIENY
FRLL=(QIOFL*QINDCW+QINBCWSQIDFWF )*SPAL29#DCFING/YLANDZ
INTAKE FPOM NCEAN MIXED LAYER
[ODINE INTAKE FROM INGESTION NF SALTWATER FISH IN MICROGRAMS/YR
QIOSWF=QF ISH®CFSAF*FIOOML*CPY*(1,009) /(22,0000
INTAKE COEFFICIENY
FK120=QI0SWF*SPAL29%DCFING/Y3
INTAKE FROM SURFACE SOIL REGION
IODINE INTAKE FROM R0NT UPTAKE [N FOODSTUFFS CONSUMED BY MAN, FNRARE
CONSUMED BY DAIRY CATTLE, AND FORAGE CONSUMED B8Y BEEF CATTLE IN
MICRNGRAMS YR
QIOSL=(QLVEG+QNVEG* QCER+QOTHER ) *F INDTB*DPY* (1,009}
QINDCS=QFNRG*FINDOTR*CIMILK*QMILK*DPY#* (1,005}
QINACS=QFORGEEINDTASCIMFATSQMEAT*DPY* (1,009}
INTAKE FOEFFICIENT
FK13S=(QIOSL+QIONCS+QINBCSI*SPAL29*DCFING/ Y4

ITE CALCULATED FRACTIONAL ':- (SFER RATES FOR TRANSPORT OF I0DIN" BETWEEN
ENVIRONMENTAL COMPARTMENT

WRITE (10.1)
1 FORMAT (1H1)
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WRITE (10,2)
2 FORMAT (1MO,
2CLE IN UNITS
WRITE (10,3)
3 FORMAY (1HO,
WRITE (10,4)
4 FORMAY (1HO,
2 1PE9.2)
WRITE (10,5}
S FORMAT (IO,
WRITE (10,6)
6 FORMAT (140,
2 1P£9.2)
WRITE (10,7
T FORMAY (1HO,
2 IPE9.2)
WRITE (10,8)
8 FORMAY (1MO,
WRITE (10,9
S FORMAY (140,
2 1PE9. 2)

92

5X, G6HFRACTIONAL TRANSFER RATES FOR GLORAL TODINE CY
OF L/YR)

Fx12

10X, 36HICEAN ATMNSPHERE TO LAND ATMOSPHERE=, 1PE9,2)
Fx13

10X, 3BMOCEAN ATMOSPHERE TO OCEAN MIXED LAYER=,

Fx21

10Xy 36HLAND ATMNSPHERE TOD OCEAN ATMOSPHERE=, 1PE9,2)
FK24

10Xy 39HLAND ATMOSPHERE TN SURFACE SOIL REGION=,

Fx3l

10X, 3BHNCEAN MIXED LAYER TO DCEAN ATMOSPHERE=,

FK36

10X, 32HNCEAN MIXED LAYER TO DFEP OCEAN=, 1PF9,2)
Fr43

10X, 41HSURFACE SOIL REGINN TN NCEAN MIXED LAYER=,

WRITE (10,100 FK45

10 FORMAT (1HO,
2y 1PES. 2V

10X, 4SHSURFACE SNIL REGI™ TOD TERRESTRIAL BINSPHFRE=

WRITE (10,11) FK&S

L1 FORMAT (1MO,
210N=,

1PE9. 20

10X, 49HSURFACE SNIL REGINN TN SHALLOW SUBSURFACE REG

WRITE (10,12) FK49

12 FORMAT (1HO,
2=, 1PE9.2)

10X s 46HSURFACF SOIL REGINN TO DEFP SURSURFACE REGION

WRITE (10,13) FK52

13 FORMAT (1H0,
2 1PE%.2)

10Xy 4IHTERRESTRIAL RIOSPHERE YO LAND ATMOSPHERE=,

WRITE (10,14) FKS54

14 FORMAT (1HO,
2¢ 1PES.2)

10Xy 45SHTERRESTRIAL BINSPHERE TO SURFACE SNIL REGIDN=

WRITE (10,56) Fr63

56 FORMAY (1HO,

10X, 32HDEEP OCEAN TO NCEAN MIXED LAYER=, [PF9,2)

WRITE (10,57) FKe67

57 FORMAY (1HO,

10Xy 30HDEEP DCEAN TO OCEAN SEDIMENTS=, 1PF9.2)

WRITE (10,580 FXT6

S8 FORMATY (1HO,

10X, 30HNCEAN SEDIMENTS TO DEFP OCEAN=, 1PE9.2)

WRITF (10,59) FK8?2

59 FORMAT (140,

2R=, 1PES,2)

10Xy 4THSHALLOW SUBSURFACE REGION TO NCEAN MIXED LAYE

WRITE (10,600 FKS3

60 FORMAT (1HO,
2 1PES,2)

10Xy 44HDEFP SUBSURFACE RFGION TO DCEAN MIXED LAYER=,

WRITE (10,15) CLAM

15 FORMAT (1HO,

10X, 28MRADINLOGICAL DECAY CONSTANT=, 1PE9.2)

C
C WRITE CALCULATED CNEFFICIENTS FOR DNSE RATES FROM [INTAKE 0OF [-129
c
WRITE (11,10
WRITE (L1.16}%
16 FORMAT (Inu, 5Xy 63IMCOEFFICIENTS FOR CALCULATION OF DOSE RATES FRO
2M INTAKE OF [-129)
WRITE (11,17) SPAL29
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17 FORMAT (1HO, 10X, 2THSPECIFIC ACTIVITY OF 1-129=, 1PES.2, IX,
2 GHCI/G)
WRITE (1l1.181
18 FORMAT (14O, 10X, 72HDNSE CONVFRSION FACTORS FOR MAXIMUM 50-YEAR D
20SE COMMITMENT TO THYROID=-)
WRITE (11,19) DCFINK
19 FORMAT (1HO, 20X, L1HINHALATION=, 1PE9.2, 1X, 18BHPEM PER MICROCUR!
2%
WRITE (11,200 DCFING
20 FORMAT (1HO, 21X, LOHINGESTION=, IPE9.2, 1X, 1BHREM PER MICROCURIE
e
WRITE (11.21)
21 FORMAT (1HO, 10X, 4LIHCNEFFICIENTS FOR INTAKE FRNM ATMOSPHERE--)
WRITE (11,22) FK10IN
22 FORMAY (140, 27X, LIMINHALATION=, 1PE9.2})
WRITE (11,25) FX10FD
23 FORMAT (1HO, 20X, 18HFOLIAR DEPOSITION=, 1PE9,2)
WRITE (11,240 FKll
24 FORMAY (LHO, 10X, SBHCOEFFICIENY FOR INTAKE FROM SURFACE WATERS NF
2 LITHOSPHERE=, |PE9,.2)
WRITE (11,25) FK120
25 FORMAT (140, 10X, 46MCOEFFICIENT FOR INTAKE FapDM DCEAN MIXED LAVER
2=, 1P£9.2)
WRITE (11,260 FK13S
26 FORMAT (1HO, 10X, 4BHCOEFFICYENT FNOR INTAKF FROM SUPFACE SOTL PEGT
2ON=, 1PE9.2)

CHECK BALANCE OF THE GLNBAL IOCINE CYCLE AT STEADY STATE

s X2 ls)

CALL BALCHK (Y1, Y2, Y3, Y&, Y5, Y6)
DEFINE PARAMETERS FPR [NPUT TO SURRDUTINE GEAR

NUMBER OF DIFFERENTIAL EQUATIONS
STARTING TIME FOR INTEGRATION
INTEGRATION STEP SIZE

TIME AT WHICH NUTPUT IS DESTRED
RELATIVE ERRNOR BOUND

METHOD FLAG

TYPE OF CALL

aNalalele e Naglie Na Ne e

N=15
Y0=0,000
H0=1,00-9
TOUT=1,.00~1
€PS=1,00-8
ME=21
INDEX=1

INITIALIZE INVENTORIES OF 1-129 IN THE ENVIRONMENTAL COMPARTMENTS, DNSE
RATES, AND POPULATION DOSE

alale e

00 27 I=1,N
X{11=0.000
27 CONTINUE
C
C DEFINE YEAR CORRESPONDING TO STARTING TIME FOR [NTEGRATION
C
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YSTART=1,98003

ESTIMATE TIME AT WHICH RELFASED IODINE REACHES EQUILIBRIUM IN GLOBAL
CIRCULATION

TF=(2.CD0)/DMINL(FK12, FK13, FK2) FK24, FK31, FK36, FK&}, FK&S,
2 FK&4B, FK49, FX52, FKS&4, FK63, Fx6T, FKT6, FKB3, FK93)

WRITE DEFINITIONS OF OUTPUT VARIABLES
INVENTORTES NF [-129 IN ENVIRONMENTAL COMPARTMENTS

WRITE (10,10
WRITE (10,28
28 FORMAT (iHO, S5X, SOMINVENTNRIES OF [-129 TN ENVIRONMENTAL COMPARTM
2ENTS TN GRAMS)
WRITE (10,29) ’
29 FORMAT (1HO, 10X, 23HX(1) - OCEAN ATMOSPHERE)
WRITE (10,300
30 FORMAY (1HO, 10X, 22xX(2) - LAND ATMOSPHERE)
WRITE (10.31)
31 FORMAT (1HO, 10X, 24HX(3) - OCEAN MIXED LAYER)
WRITE (10,32}
32 FORMAT (1HO, 10X, 26HX(&4) - SURFACE SOIL REGION)
WRITE (10,33)
33 FORMAY (1MO, 10X, 28HMX(5) -~ TERRESTRIAL BIOSPHERF)
WRITE (10,34)
34 FORMAT (1MO, 10X, 17HX(6) - DEE? OCEAN)
WRITE (10,35}%
35 FORMAT (1HO, 10X, 22MX(T7) - OCEAN SEDIMENTS)
WRITE (10,54)
5S4 FORMAY (1HO, 40Xy 47THX(8) - SHALLOW SUBSURFACE REGINN "F LITHOSPHF
2RE)
WRITE (10,'5)
S5 FORMAT (1HO, 10X, 44HX(9) - DEEP SUBSURFACE REGYOIN OF LTITHOSPHERE)
ISTART=TIFIX(SNGL(YSTART))
WRITE (10,36) ISTARY
36 FORMAT (1HO, 20X, 3SHYEAR FOR BEGINNING OF CALCULATION -, 1IX, 14&)

DOSE RATES AND POPULATINN DOSE

WRITE (11,1)
WRITE (11,37

37 FORMAY (1HO, SX, 103IMDOSE RATES FROM INTAKE NF 1-129 BY A REFERENC
2€E INDIVIDUAL IN REM/YR, CUMULATIVE INDIVIDUAL DOSE IN REM,)
WRITE (11,520

52 FORMAT (1H , 15X, 41HAND CUMULATIVE POPULATION DOSF IN MAN-REM)
WRITE (11,38)

38 FORMAY (1HO, 10X, 54HD(1) - INDIVIDUAL DOSE RATE FOR INTAKE FROM A
2TMNSPHERE)
WRITE (11,39}

39 FORMAY (1HO, 10X, 73WN(2) - INDIVIDUAL DOSE RATE FOR [NTAKE FROM S
2URFACE WAVYERS DOF LITHOSPHERE)
WRITE (11,401

40 FORMAT (1HO, 10X, 61HD(3) - INDIVIDUAL DOSE RATE FOR INTAKE FROM O
2CEAN MIXED LAYER)
WRITE (11,41}

41 FORMAT (1HO, 10X, 63HD(4) - INDIVIDUAL DOSF RATE FOR INTAKE FROM S
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2URFACE SOIL REGIONY
WRITE (11,53)

52 FORMAT (1HO, 10X, 33HD:5) - TOTAL INDIVIDUAL DOSE KATEN
WRITE (11,49

46 FORMAY (1HO, 10X, 33HD(6) - CUMULATIVE INDIVIDUAL DNSE)
WRITE (11,642»

42 FORMAT (1HO, 10X, 33HC(T) - CUMULATIVE POPULATION DNSE)

WRITE TABLE HEADINGS

WRITE (10,19
WRITE (10,43)
43 FORMAY (1HO, 23X, SHTIYR), 9X, 4HX(1), 99X, &HX{2), 9X, 4HX(3), 9X,
2 GHXT4) . 99X, &HX(5), Xy GHXIB), 9OX, &HXITI, 99X, 4HX(B),y 9X,
3 AHXISY )
WRITE §ill,1)
WRITE (11,44)
44 FORMAT (1HO, 10X, SHTIYR), 11X, &HD(1), 11X, &GHD(20, 11X, 4HD(3,
2 11X, 4HD(4), 11X, 4HDISH, P1X, &HD(K), 11X, &4HD(T)7)

CALCULATE COMPARTMENT INVENTORIFS, DOSE RATES, INDIVIDUAL DNSE, AND POPULATION
DNOSE UNTIL EQUILYARIUM IS REACHED, AND WP ITE RESULTS

45 CALL GEAR (DIFFUN, PEDERV, Ny TO, HO, X, TOUT, EPS, MF, INDEX)
WRITE (10,460 TOUT, (X(1), I=1,9}

46 FORMAY (LH 4, 1PEB.Ll, SUIPEL3.2N
CALL DIFFUN (N, TOUT, X, XP)
WRITE (11,61) TOUT, (XPIT), I=10,1%), XL14), X(15)

61 FORMATY (1H , 1PF15.1¢ T(1PE15.2))

CALCULATE NEXT TTME AT WHICH OUTPUT IS DESIRED

TOUMMY=TOUT
TOUT=TDUMMY+DYE AR (TDUMMY)
IF (TOUT .LE., TF) G0 TO 45

CALCULATE INDIVIDUAL AND POPULATION DOSES FROM EQUILIBRIUM UNTIL DECAY 1€
COMPLETE, TNTAL DOSES, AND WRITE RESULTS

DITI=XP(14)/CLAM
WRITE (11,500 OITI
50 FNRMAY (1HO, 51X, 29HINDIVIDUAL DOSE TN INFINITY =, 1PFS,2)
DPYI=xXP(15)/CLAM
WRITE (11,47) DPT]
47 FORMAT (LlHO, 51X, 29HPOPULATION ONSE YO INFINITY -, 1PE9,2)
TOTIND=X(14)¢CIT]
WRITE (L11,51) TOTIND
51 FORMAY (140, S7Xs 23HTOTAL INDIVIDUAL DOSE -, 1PE9,2)
TOTDOS=X(15)+DPTI
WRITE (11,48) TOTDOS
48 FORMAY (1HO, 57X, 23HTOTAL POPULATYION DOSE -, 1PEG.2)
SToe
END
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SUBROUTINE BALCHK (Y1, Y2, Y3, Y&, Y5, Y6)

CHECKS BALANCE OF INPUT AND DUTPUT FLUXES FOR GLOBAL (NDINE CYCLE AT STFADY
STATE FRNM ASSUMED COMPARTMENT [NVENTORIES AND FRACTIONAL TRANSFFR RATES

IMPLICIT REAL®S (A-N, 0-2)
COMMON/ BLKL1/ FK12, FK13, FK21, FK24, FK31l, FK36, FKa3, FK4S5,
2 FK4B, FR&49, FK52, FK54, FK&3, FKET, FXTE, FKB3, FK93, CLAM

WRITE TABLE HEADINGS

WRITE (10,1)
1 FORMAY (1M1}

WRITE (10,20
2 FORMAT (1HO, SX, TTHCOMPARISON OF [NPUT AND DUTPUT FLUXES FDOR GLOP
2AL IODINE CYCLE AY STEADY STATE)

WRITE (10,39
3 FNRMAT (14D, 20X, LIHMCOMPARTMENT, 10X, LTHINPUT FLUX (G/YR), 10X,
2 LBHOUTPUTY FLUX (G/YR)/Z)

BALANCE FOR QCEAN ATMOSPHERE

FLIN=FK21®Y 2¢FK3]|*Y3
FLOUT=(FR12¢FK1319Y]
WRITE (10,4) FLIN, FLOUT
4 FORMAY (1H , 15X, 16MNCEAN ATMOSPHERE, 12X, 1PE1S5.2. 13X, LPE15,2)

BALANCE FOR LAND ATMOSPHERE

FLINSFK128Y L ¢FK529Y5
FLOUT=(FK2]1¢FK24)nY?2
WRITE (10,50 FLIN, FLOUTY
S FORMAT (IH , 16X, 15HLAND ATMOSPHERE, 12X, L1PE1S.2s 13X, 1PE15.2)

BALANCE FOR OCEAN MIXED LAYER

FLINSFKI3#Y L +FK24%Y2+FKEISYS
FLOUT=(FK31+FK360%Y3
WRITF (10,60 FLIN, FLOU
6 FORMAT (1IH , 14X, LTHNCEAN MIXED LAYER, 12X, IPE15.2, 13X,
2 1PEL15.2)

BALANCE FOR SURFACE SOIL REGION

FLINSFK26%Y 24FKS54%Y5

FLOUT=(FK43+FK45¢FK4BeFKLT)*YS

WRITE (10,7) FLIN, FLOUTY
7 FOPMAT (1M , 12X, 19HSURFACE SOIL REGIOMN, 12X, 1PE15.2, 13X,
2 1PE1S5.20

BALANCE FOR TERRESTRIAL BIOSPHERE
FLIN=FK4AS*Y 4

FLOUT=(FKS52+FK541%Y5
WRITE (10,80 FLIN, FLOUT
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8 FORMAY (1H , 10X, Z2LHTERRESTRIAL BIDSPHERE, 12X, 1PF1%5,2, 12X,

2 1PELS5. 2)
C
€ BALANCE FOR DEEP OCEAN
C
FLIN=FK36%Y]
FLOUT=FKE3%Y S

WRITE (10,9) FLIN, FLOUT

9 FORMAY (1M , 21X, LOHDEEP NCEAN, 12X, 1PT15.2, 13X, LPEL1S.2)
RETURN
END
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SURROUT INE DIFFUN (N, T, X, XP)

CALCULATES TIME DERIVATIVES OF COMPARTMENT INVENTORIES, INDIVIDUAL DOSES, AND

POPULATION DOSE., THE DIFFERENTIAL EQUATIONS ALLOW ARSTTRARY INPUT FUNCTINNS
CF 1-129 7O EACH ENVIRONMENTAL COMPARTMENT,

IMPLICIY REAL#8 (A-H, 0-2)

DIMENSION X(1S), XP(15), XIN(9)

COMMON/ BLK1/ FK12, FK13, FK21, FK24, FK3l, FK36, FK&3, FK4S,
2 FK&B, FK4S, FK52, FKS4, FK&3, FK&T, FKT76, FKB3, FK93, CLAM
COMMON/ BLK2/ FK10IN, FK1OFD, FKLll, FK120, FK13S

COMMON/ BLK3/ YSTART

COMMON/ BLK&4/ PEOPLE

CALCULATE [INPUT FUNCTION TO ENVIRONMENTAL COMPARTMENTS

CALL INPUT (T, XIN)

DEFINE DIFFERENTIAL EQUATIONS FOR ENVIROMMENTAL COMPARTMENTS

CCEAN ATMOSPHERE
KPCLY=XINCL)#FR21oX(2)¢FKILRX(3)~(FRL12¢FK13eCLAM)*X (1)
LAND ATMOSPHERE
XPU2)=XINI2)#FKI2%X (1) #FKS2%X(S5)=(FK21¢FK24+CLAM)*X(2)
OCEAN MIXED LAYER

XPU3)=XINI3V4FKLI*X(1)eFKA3RXI4)oFKEIR([H)+FKBIRX(B) ¢FKGIRX ()~
2 (FRILeFKIGeCLAMI®X (Y

SURFACE SOIL REGION
XPLA)=XIN(G)*FK24%X(2)+FKS4® X[ S)~(FK 43¢ FRL5+FKGBEFK LI+ LAM) =X (4)
TERRESTRIAL BIOSPHERE
XP(S)I=XTIN(5)#FKLS5*X(4)~(FK52+FX54¢CLAM)*X(5)
DEEP OCEAN
XP(O)=XIN(E)+FKIE*X (N +FKTOXX( TI=(FKEILEKETHCLAM) *X(6)
OCEAN SEDIMENTS
XPLTV=XIN(TISFKETEX(6)-(FKTHSCLAMISX(T)
SHALLOW SUBSURFACE REGINN OF LITHOSPHERE
XP(BI=XIN(BI*FKLBEX (L)~ (FKB3eCLAMI*X(8)

DEEP SUBSURFACE REGION OF L ITHOSPHERE
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XP(9)=XINIG)eFKAI*X (&)~ (FKIZ+CLAMI*X(9)
DEFINE DIFFERENTIAL EQUATIONS FOR INCIVIDUAL AND POPULATION DNSES
CALCULATE POPULATION

TIME=YSTARTeTY
PECPLE=POPULA(TIME)

INDIVIDUAL DOSE RATE FOR INTAKE FROM ATMNSPHERE
XP{10)=(FXI10INSFK10FDI=X(2)

INDIVIOUAL DNSE RATE FOR INTAKE FROM SURFACE WATERS OF LITHOSPHERE
XP{11)=FKL11*(FK4AI*X(4)+FKBI*X(B) +FKI3I*X(9))

INDIVIDUAL DOSE RATE FOR INTAKE FROM OCEAN MIXED LAYER
XP(12)=FK120%X(3)

INDIVIDUAL DOSE RATE FNR INTAKE FROM SURFACE SOIL REGION
XP(13)=FK13S*X(4)

TOATAL INDIVIDUAL DOSE PATE
XP(14)=XP(LOEeXP(LLI®XP(L12)eXP(13)

POPULATION DOSE RATE
XP(15)=PEOPLE*XP( 14)

RETURN
END
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SUBROUT INE PEDERV (N, T, X, PD, NOI
CALCULATES JACOBIAN MATRIX FOR SYSTEM OF DIFFERENTIAL EQUATIONS

IMPLICIT REAL#*8 (A-H, 0O-1)

DIMENSTON X(15%, PD(15,15), XP(L5)

COMMON/ BLKLZ FKL2, FK13, FK21, FK24, FK31, FK36, Frée3, FK4S,
2 FX4B, FK49, FK52, FK54, FK63, FK&6T, FKT6, FKB2, FK93, CLAM
COMMON/ BLK2/ FKL1OIN, FK10FD, FK1le FK120, FK13S

COMMON/ BLK&/ PEOPLE

INITIALIZE MATRIX TO ZERD
DO 1 I=],N
DO 1 J=1.N
o0(1,J¥=0.000
1 CONTINUE
DEFINE NON-ZERD MATRIX ELEMENTS FNR EACH ENVIRCNMENTAL COMPARTMENT

CCEAN ATMOSPHERE
PO(lel)==(FK12¢FK124CLAM)
POl 2)=FK2]

PD(1,3)=FK2]

LAND ATMNESPHERE
PC(2,1)=FK]2
POI242)==(FK21¢FK24+CLAM)
PDI2,5V=FK52

DCEAN MIXED LAYER
P0(3,1)=FK]12
PD(3,3)=~(FK31+FK3I6+CLAM)
POI &) =FK4D
POL3,61=FKE]
PD(3,8)=FKB3
PD(3,9)=FK93

SURFACE SOIL REGION
PD(4,2)=FK246
PO(4s4) ==~ (FKAILFKASHFKLBFRA9+CL AM)
P0(4,5)V=FK54

TERRESTRIAL BIOSPHERE

PDISe&)=FKELS
PD(5¢5)=~(FKS2+FK54+CLAM)

DEFP OCEAN

PDL6,3V=FK36
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PO(646) =~ (FKOEI*FRATCLAMY
POL6, TI=FKTE
OCEAN SEDIMENTS

POLT7.6)=FK6T
POLT, T)==(FKTE6CLAM)

SHALLOW SUBSURFACE REGION OF LITHOSPHERE

PDIB,4)=FK4R
PO(B,8)=~(FKBIeCLAM)

DEEP SUSSURFACE REGTION OF LITHOSPHERE

POL9,6)=FK4S
POL9,9)==(FKI2+CLAM)

DEFINE NON-ZERD MATRIX ELEMENTS FOR [INDIVIDUAL AND POPULATINN DNSES

INDIVIDUAL DNSFE RATE FOR INTAKE FROM ATMNSPHERE
PDI10421=FK10IN*FKLOFD
INDIVIDUAL DOSE RATE FNR INTAKE FRNM SURFACE WATERS OF LITHNSPHERE
PO(1144)=FK]1%FK43
PD(1148)=FK11*FKB?
POILL19V=FK]11*FK93
INDIVIDUAL DOSE RATE FOR INTAKE FROM DCEAN MIXED LAYER
PDL12431=FK120
INDIVIDUAL DOSE R/IT: FOR INTAKE FROM SURFACE SOTL REGION
PO(L3,41=FK113S
TOTAL INDIVIDUAL DOSE RATF
PRI16,21=P0(10,2)
PDI14:,31=PD(12,3)
POL1444)=PDL11,4)+PD(13,4)
PD(14,8)=PD(11,8)
PD(14,91=PD(11,9)
POPULATINN DOSE RATE
PD(15,2)=PEOPLE*PD(14,2)
POC1S:31=PENPLE*PD(14,3)
POCLS5,41=PEQPLF*PD( 14,4}
PDILSB1=PEOPLE*PD(14,8)
POILS+S)I=PEOPLE*PD( 14,9)

RETURN
END
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SUBROUTINE INPUT (T, XIN)

CALCULATES INPUT FUNCTION IN G/YR FOR ENVIRONMENTAL COMPARPYMENTS, SUBRDOUTINF
MUST BE RFWRITTEN FOR EACH DIFFERENT INKUT FUNCTION DESIRED

FOR THIS CALCULATION, AN INPUT OF 1 €I IS PLACED IN THE LAND ATMOSPHERFE
SEGINNING AT TIME ZERO AT A RATE OF L CI/YR FOR | YEAR, WITH NO INPUT TO ANY
CTHER COMPARYMENTS

IMPLICYT REAL®B (A-H,"-1)
DIMENSION XIN(S)
CCMMON/ BLKS/ SPAL29
INITIALIZE INPUY FUNCTION TN ZFROD
D0 1 1=1,9
XINCT¥=0,000
1 CONTINUE
CALCULATE INPUT TO ENVIRNNMENTAL COMPARTMENTS
1F (T LE, 1,000 XINE20=(1,0D00/5PAL29

RETURN
END
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DOUBLE PRECISION FUNCTION POPULALT)

CALCULATES WORLD POPULATION BY LINEAR [NTERPOLATION OF YABULAR DATA

IMPLICIT REAL®S (A-H, N-Z)
DIMENSION PEOPLE(T), YEAR(T)

YEARS FCR POPULATION DATA

DATA YFAR/ 1925.00,

2 2075.n0/

WORLD POPULATION IN BILLIONS

DATA PENPLE/ 1.96000,
2 11.16300,

CALCULATE

1F (Y
1F Ay
1F (7
| A §
IF(r
IF (T
1F (T

1950.00, 1975.00, 2000.00, 2025.00, 2050.D0,

12.210007

2.50500,

3.988D0, 6.40600, 9.60500,

PRPULATION USING LINEAR INYERPOLATION

«GE. YEAR(T)) GN TO 1

«GE. YEAR(])
«GE. YEAR(2)
«GE. YEAR(3)
«GE. YEAR(4)
«GE. YEAR(S)
«GE. YEAR(6)

INTP=INT]

POPULA=(1.009V*(PEOPLECTINT IS ((T-YEAR(INTII/(YEAR(INTP)-YEAR(INTI )

- .~°.
«AND,
«AND,
«AND.
«AND.
«AND,

- 4|44

LT,
LT,
L7,
LY.
LT,
LT,

2 S(PENPLECINTP)I=PENPLE(INTI I

GC YO

2

1 POPULA=PECPLE(T)I*(1.009)

2 RETURN
END

YEAR(2)) INT=]
YEAR(3)) INT=2
YEAR(4)) INT=3
YEARIS)) INT=4
YEAR(6)) INT=5
YEAR(TY) INT=6
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DNUBLE PRECISION FUNCTION DYEAR(T)

CALCULATES TIME INCREMENT FNR NEXT STEP [N INTEGPATION

IMPLICIT REAL®S (A-~H, T-1)

IF (Y
IF (Y
iF (Y
I (Y
IF (Y
1F (Y
IF (Y
1F (Y
IF (Y
¢ 1Y
IF (Y
RETUPN
END

.ti. 9.00-10

«GE. 1.000
«GE. 1.001
«GE. 1,002
«GE. 1,003
.GE. l.oo‘
«GE. 1.00%
«GEs 1,006
«GE. 1,007
«GE. 1.008
«GE. 1,009

OYEAR=1,00~1
«AND., T LT, L.001)
«AND, T LLT., L.0020
«AND, T LT, 1.003)
«AND. T LT, 1.,004)
c‘"O. T .L'. ‘.ms'
«AND., T LT, 1.00D61
«AND., T LY., L.00DT)
«AND, T LT, 1.008)
«AND. T LLT, 1.009)
«AND, T LT, 1.0010)

OYEAR=1,000
DYEAR=1,0D1
OYEAR=],0D2
OYEAR=],003
DYFAR=1,004
OYEAR=1,00%
DYEAR=]1,0N4
OYEAR=]1,007
DYEAR=]1,008

OYEAR=1,009
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