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_._S _OSUR_ MODEL L'?,DATF__TO S[E_T' CL_'RR.F_NTE2A GU_A,"CCE (a)

Dennis L. Strenge and LG. Droppo, Jr.
Pad_c Northwest Laboratory.

ABSTRACT

The Muitimedia Envirorurneratal Pollutant Assessment System (MEPAS) is a software package developed
for the U.S. Department of Energy (DOE) as a management tool to screen the many potential hazardous
waste problems at DOE faciIities across the country. The program considers both radioactive and
chemical pollutants in estimating potential human health risks based on site- specific waste, environmental
transport, and exposure charac:,erisdcs. To support various DOE programs, recent modifications have
been made to MEPAS to incre,a.se its applicability ha analyzing the problems of mixed hazardous waste.
Such analyses are needed to evaluate remediation options for mixed hazardous waste sites. This paper
presents an overview of the ,MEPA5 progr_m and summarizes the current models used to translate
environmental concentration ,,-alues into projected intake by humans and, finally, into estimates of health
risk. The r_-.ent modifications are described consistent with current EPA _idance for exposure and
human health impact assessment.

LNTRODUCTION

Evaluation of remediation options involves several criteria, including the potential reduction of health
impacts to current and future populations. The Multimedia Environmental PoUutant Assessment System
(M_aPAS) is a software code cteveloped for the U.S. Department of Energy (DOE) as a management tool
to evaluate the health impacts trom the many potential environmental problems complex-wide. Site-
specific waste, environmental transport, and exposure characteristics are considered in estimating potential
human health risks for radioactive and chemical pollutants. To support various DOE programs, recent
modifications have been made to MEPAS to extend its use to risk assessment and increase its applicability
in analyzing the problems of mixed hazardous waste. This paper presents an overview of the MEPAS code
and describes the current models used to translate environmental concentration values into projected
intake by humans and into estimates of health impacts consistent with current U.S. Environmental
Protection Agency (EPA) guidance.

The MF_PAS code includes models for groundwater, surface water, and aimospheric transport; th_,e
transport models may be used to estimate concentrations of pollutants at various points in the
environment. Alternatively, concentrations may be defined by the user based on other measurements or
results generated by other transport codes. The environmental concentratiorts are the starting poin't for
the exposure-pathway and health-impact analyses. The new MEPAS exposure component allows detailed
description of the potential exposure locations near a waste site. These locations may be represented by
groundwater wells, river-water intake plants, aquatic recreational areas, agricultural proa,,2ct_onareas,
measured media, measured direct radiation fields, or the general region within 50 miles of i_e site. The
locations cart also be defined to represent exposure of indi,Aduals or population groups. C_ut:,J'_..".,as,',.

concentrations defined at these locations are translated to daily intake rates of polluta._., 'htOug'-, ,-, ;fl_

five exposure routes. Parameters for each pathway are def'medby location to repres ( n' -_pop,ire to
specific population groups, or individuals in a population group. For example, the i.'ata; ;_,_eof w0tet
may be defined as an average value for population exposure, or as a maximum value f_ ihj,vi,_ual
exposures. Intakes of chemicals are expressed as a daily intake rate (mg/[kg-d]), a_d in(erual _; tak,_ of
radionuclides and external radiation exposures are expressed as a total dose (rein). A health. ;.apac_
parameter for each pollutant ts calculated using functions appropriate to the toxicity,qc__,d.-_i_, t?_,._'the
pollutant (radionuclide, carcinogenic chemical, or non-carcinogenic chemical).

.. (a) Work supported by the U.S. Department of Energy under contract DE-ACO6-76RLO 1830
• ."



The remainder of this paper describes the exposure pathway models and the models used to convert the
daily intake rate or total dose to measures of human health impacts.

EXPOSURE PATIt3,¥AYMODELS

This section describes details of the exposure pathway models used in MEPAS. The exposure pathway
analysis starts with pollutant concentrations in transport media and provides estimates of the average daily
dose (chemicals) or total dose (radionuclides and radiation) to exposed individuals from contact with the
transport medium or a secondary medium contaminated by the transport medium. The average daily dose
or total dose is then used to estimate a measure of health impact appropriate to the type of pollutant
considered, as described in the next section, on human health impact models. When appropriate, the
individual health impact measure may be converted to a measure of health risk to the total population.

The transport pathways, transport media, exposure routes, media concentration units, and exposure
pathways are given in Table 1 for the exposure pathways considered in MEPAS.

PLACE TABLE 1. HERE

The general equation for average daily dose, consistent with EPA (1) guidance for performing human
exposure analysis in support of CERCLA activities is given by the following expression for intake of a
chemical.

EFp EDp ] (Eq. i)
ADDpi = Cmi IR_i BWp ATp 365Ji

where ADDpi = average daily dose for pollutant i by exposure pathway p (mg/kg-d)

Cmi = concentration of pollutant i in medium m associated with exposure pathway p (units
appropriate to the medium, pollutant, and exposure pathway)

IRpi = rate of intake or contact with contaminated medium for the pollutant i and exposure
pathway p (units of media volume or mass per day as appropriate to the medium,
pollutant, and exposure pathway as per Table 1)

EFp = exposure frequency for the exposure pathway (d/yr)

EDp = exposure duration for the exposure pathway (yr)

BWp = body weight of individuals exposed for the pathway (kg)

ATpi = averaging time for the exposure pathway and pollutant (yr)

365 = unit conversion factor (d/yr)

The units of the product of concentration and intake rate (C • x IR .) have units of mg/d. The units ofml pt
the terms in the brackets have units of 1/kg. The factors in the bracket on the right of Equation 1
represent assumptions on the frequency and duration of the particular exposure scenario of interest. The
averaging time is set to the exposure duration for non-carcinogenic chemicals and to 70 years for
carcinogenic chemicals.

For exposure to radionuclides (internal and external exposure pathways), the total dose is evaluated as
follows.



TDpi = Cm_ IP_± DFp£ _EFp EDp] (Eq. 2)

where TDpi = total close for pollutant i by exposure pathway p (rem)

Cmi = concentration of pollutant i in medium m associated with exposure pathway p (units
appropriate to the medium, pollutant, and exposure pathway)

lRpi "- rate of intake, contact with, or exposure to the contaminated medium for the pollutant and
exposure pathway (units of media volume or mass per day as appropriate to the medium,
pollutant, and exposure pathway as per Table 1)

DFpi = dose conversion factor for intake of pollutant i by pathway p (units appropriate to the
route of intake or exposure for pathway p)

• .

and other terms are as previously define& The units of the product of concentration, intake rate, and dose

factor (Cm.x IR i x DFpi) are rern/d. The units of the parameters in the brackets are days. Note that fort p
radionuclides, the averaging time and body weight are not used to evaluate the average daily dose. The
radiation dose conversion factors for internal exposures are defined for adults (70-kg reference man) and
cannot be modified to be applicable to individuals in other age groups.

For the measured direct radiation exposure pathway, the average daily dose is evaluated as follows:

TDp = D:_ IP_i _EFp EDp] (Eq. 3)

where TDp = total dose from exposure to a measured radiation field (rem)

Drf = measured external dose rate (rem/d)

IRp = modifying factor to account for time variation of radiation field as defined by the user
(dimensionless)

and other terms are as previously defined.

Evaluation of the intake rate parameter, IRpi, is specific to each exposure pathway. Expressions for intake
rate for each of the 25 exposure pathways are given in the following discussion, ordered by intake route
(ingestion, dermal contact, inhalation, and external radiation exposure)and by purpose of transport
medium usage (domestic water, agricultural products, aquatic foods, water recreational activities, soil
contact, air contact, external exposure, and measured radiation field exposure). The expressions are
applicable to chemicals and radionuclides.

Drinking Water Ingestion

IRdw = U_, (Eq. 4)

where IR_ is the effective daily intake rate for shower dermal contact (L/d) and Uaw is the water
ingestion rate (L/d).

Optional corrections may be applied to account for removal of pollutant in the water treatment plant and
for loss in transport through the water distribution system from the plant to the usage location (home).
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Shower Water Dermal Contact

The effective daily intake rate for shower dermal contact is evaluated per unit concentration in domestic
water, as follows:

IRsh = I_hi A,h Fsh (Eq. 5)

where IRsh = effective daily intake rate for shower dermal contact (L/d)

Ishi = amount of pollutant i absorbed per shower per unit area of skin per unit concentration in
water (mg/cm2 per shower per rag/L, or pCt/cm" per shower per pCi/L)

• .

Ash = area of sl_in exposed while showering (cm2)

Fsh = frequency of showering (showers/d)

The amount of pollutant absorbed per shower per unit area of skin is evaluated using the EPA (2)
recommended models for dermal exposure.

Showering Inadvertent Ingestion

IRsg = Ush Fsh Tsh (Eq. 6)

where IRsg = effective daily intake rate for inadvertent water ingestion while showering (L/d)

Ush = rate of inadvertent water ingestion while showering (l_fn)

Fsh = frequency of showering (showers/d)

Tsh = duration of a shower (h/shower)

Food Crop Ingestion

The intake of pollutants from ingestion of farm products is evaluated for initial contamination in irrigation
water, air, and soil. For irrigation water contamination, the intake is as follows with the plant
concentration normalized to the initial water concentration:

IR_pi = Cf_,iUfp (Eq. 7)

where IRfp i = effective daily intake rate of pollutant i for farm product ingestion (mg/d per mg/L or pCi/d
per pCi/L)

Cfpi = concentration of pollutant i in farm product fp (mg/kg per mg/L or pCi/kg per pCi/L)

Ufp = daily intake rate of farm product fp (kg/d)

For deposition onto plants from air, the intake rate is evaluated with the plant concentration expressed
normalized to the initial air concentration. The parameters are then defined as follows:

IRfpi = effective daily intake rate of pollutant i for farm product ingestion (mg/d per mg/m3 or
. . pCi/d per pCi/m3)
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_pi = concentration of pollutant i in farm product fp per initial activity in air (mg/kg per mg/m3
or pCi/kg per pCi/m3)

For deposition onto soil with uptake by roots, the intake rate is evaluated with the plant concentration
expressed normalized to the initial soil concentration. The parameters are then defined as follows:

IRfpi = effective daily intake rate of pollutant i for farm product ingestion (mg/d per mg/m2 or
pCi/d per pCi/m _)

• .

= concentration of pollutant i in farm product fp per initial activity deposited onto soil
Cfpi (mg/kg per mg/m'_or pCi/kg per pCi/m2)

Detailed descriptions of the models for estimation of the concentration of pollutants in plants is provided
in Whelan et al. (3). The above equations are applicable to all farm products: leafy vegetables, other
vegetables, meat, and milk (with units of milk expressed per liter instead of kg).

Aquatic Food Ingestion

The intake rate for aquatic food ingestion is evaluated as follows with the intake rate expressed per unit
concentration in water:

IRa_i = Ua_ Bazi (Eq. 8)

where IRafi - effective daily intake rate for pollutant i in aquatic food af via ingestion (mg/d per mg/L or
pC_/d per pCi/l.,)

Uaf = ingestion rate of aquatic food af (kg/d)

Ban = bioaccumulation factor for aquatic food af and pollutant i (mg/kg per mg/L or pCi/kg per
pet/L) • .

This equation is applicable to both aquatic foods considered in MEPAS: fin fish and shellfish.

Swimming Water Ingestion

IRaw = Uav Faw Tsw (Eq. 9)

where IRsw = effective daily intake rate for inadvertent water ingestion while swimming (L/d)

Usw = rate of inadvertent water ingestion while swimming (L/h)

Fsw = frequency of swimming ewnts (events/d)

Taw = duration of a swimming event (h/event)

Swimming Dermal Contact

The intake rate for dermal contact with water while swimming is evaluated per unit concentration of
,, . pollutant in water, as follows:

• .



IRr._ = 18wi Asw Fsw (Eq. 10)

where IR_,i = effective daily intake rate for pollutant i for swimming dermal contact (mg/d per mg/L or
pCi/d per pCi/L)

= amount of pollutant i absorbed per swimming event per unit area of skin (rag/eraz per
swim per rag/L, or pCi/cmz per swim per pCi/L)

A_, = area of skinexposed while swimming (cm2)

F_ = frequency of swimming events (swim/d)

The amount of pollutant absorbed per swimming event per unit areas of skin is evaluated using the same
EPA (2) recommended models as for dermal exposure while showering.

Shoreline Dermal Contact

The intake rate for dermal contact with shoreline sediment is evaluated per unit concentration of pollutant
in water, as follows:

IRsdi = 18di Csd± Asd Fsd (Eq. II)

where II_ = effective daily intake rate for pollutant i for shoreline sediment dermal contact (mg/d per
mg/L or pCi/d per pCi/L)

Isdi = amount of pollutant i absorbedper sediment contact event per unit area of skin (mg/cm2
per event per mg/kg, or pCi/cm'_ per event per pCi/kg)

C_i = concentration of pollutant i in sediment per unit concentration in water from which
sediment is contaminated (mg/kg per mg/L or pCi/kg per pCi/L)

A_a = area of skin exposed during sediment contact (cm2)
• .

F_ = frequency of sediment contact events (events/d)

The amount of pollutant absorbed per sediment event per unit areas of skin is evaluated using the EPA
(2) recommended models for dermal exposure with soil. Details of the model to estimate sediment
concentration from the surface water concentration are given by Whelan et al. (3).

Shoreline Sediment Ingestion

The intake rate for inadvertent ingestion of shoreline sediment is evaluated per unit concentration of
pollutant in water, as follows:

IRs_i = U,d C,_i Tsd Fsd (Eq. 12)

where IRsh i = effective daily intake rate for shoreline sediment inadvertent ingestion (mg/d per mglL or
pCi/d per pCi/L)

. . U_ = rate of inadvertent ingestion of sediment during shoreline contact events (kg/h)



Tsd -- duration of a sediment contact event (h/event)

Fsd = frequency, of sediment contact events (events/d)

Details of the model to estimate sediment concentration from the surface water concentration are given in
Whelan et al. (3).

Soil Ingestion

The evaluation of the soil ingestion intake rate depends on the units defined for the soil concentration.
For the measured soil pathway, the soil concentration is expressed per unit mass of soil and is evaluated as
follows:

• .

IRsl = U,I (gq. 13)

where IR,I = effective daily intake rate of soil (kg/d)

Usi = rate of inadvertent ingestion of soil (kg/d)

For the atmospheric transport pathways, the soil concentration is expressed per unit area of soil receiving
deposition, for which the intake rate is evaluated as follows:

IRsId - Usl (Eq. 14)
tsl Psl

where IRsl = effective daily intake rate of soil by area (mZ/d)

Usi = rate of inadvertent ingestion of soil (kg/d)

Psi = areal density of soil (kg/mz)

Soil Dermal Contact
• .

The intake rate for dermal contact with soil is evaluated per unit concentration of pollutant in soil, as
follows:

IR,Ii = I,ii g,l F,I (Eq. 15)

where IRsli = effective daily intake rate for soil contact (mg/d per mg/kg or pCUd per pCi/kg)

lsli = amount of pollutant i absorbed per soil contact event per unit area of skin normalized to
unit concentration of pollutant in soil (mg/cmz per event per mg/kg, or pCi/cmz per event
per pCi/kg)

Asl = area of skin exposed during soil contact (cmz)

Fsl ffi frequency of soil contact events (events/d)

The amount of pollutant absorbed per soil contact event per unit area of skin is evaluated using the EPA
. , (2) recommended models for dermal exposure to soil. The above equation is based on soil concentrations



expressed per unit mass of soil. When the soil concentration is based on unit area of soft, the
normalization units are replaced with mg/m: or pCi/m2 as appropriate for the pollutant.

Special Food Intake

IRta = Utd (Eq. 16)

where l_fd is effective daily intake rate for food fd ingestion (kg/d) and Old iS the daily intake rate of food
fd(kg/d).

Indoor Inhalation of Volatile Pollutants

The intake rate for indoor inhalation of volatile pollutants is evaluated per unit concentration of pollutant
in water, as follows.

IRia = Uta Ctat (Eq. 17)

where IRta = effective intake rate of air while indoors per unit concentration in domestic water (mg/d
per mg/L or pCi/d per pCi/L)

Uia = inhalation rate by inaividuais while indoors (m3/d)

Ciai ---- concentration in indoor air per unit activity in domestic water as the source of volatile
pollutants (mg/m3 per mg/L or pCi/m3 per pCi/L)

The indoor air concentration is estimated using the Andelman model (4) as recommended by EPA (5).
This model accounts for transfer of volatile pollutants from domestic water to indoor air from showering
and other uses of water by a factor of 0.5 I../m3 (equal to Cia i in Equation 17). An alternate model is also
available in MEPAS to account of inhalation of volatile pollutants while showering, as described by
Whelan ctal. (3). ' •

Air Inhalation

IRar = Uar (Eq. 18)

where IRar is the effective daily intake rate from inhalation of airborne pollutant (m3/d) and Uar is the
inhalation rate of air (m3/d).

Inhalation of Resuspended Soil

The intake rate for inhalation of rcsuspended soil is evaluated per unit concentration of pollutant in soil,
as follows:

IRr_t = Uar RF t (Eq. 19)

where IRrti = effective daily intake rate from inhalation of pollutants resuspended from soil (mg/d per
mg/m2 or pCi/d per pCi/m2)

ql, •

Uar - inhalation rate of air (m3/d)



RFi = resuspension factor for pollutant i (mg/m3 per mg/m2 or pCi/m3 per pCi/m2)

Swtmmlng External

The intake rate for external exposure while swimming is evaluated as follows:

IR,wi = T,w F,w (Eq. 20)

where I_ ffi effective daily external exposure rate from swimming in contaminated surface water (h/d)

T_ = duration of a swimming event (h/event)

F_ = frequency of swimming events (events/d)

• .

Boating External

The intake rate for external exposure while boating is evaluated as follows:

IRbei = SFbe Tb_ Fbe (Eq. 21)

where IRbt i = effective daily external exposure rate from boating in contaminated surface water (h/d)

SFbt = shielding factor to relate boating external exposure to swimming external exposure
(dimensionless)

Tbt = duration of a boating event (h/event)

Fbt = frequency of boating events (events/d)

Shoreline External

The intake rate for external exposure while on shoreline is evaluated normalized to unit concentration in
water, as follows:

IRsxi = SW Cad± T,d Fsd (Eq. 22)
• .

where _ = effective external exposure rate for shoreline sediment external exposure per unit activity
of a radionuclide in water from which sediment is contaminated (h/d per l./m2)

SW = shore width factor (dimensionless)

Csai = concentration of pollutant i in sediment per unit concentration in water from which
sediment is contaminated (pCi/m 2 per pCi/L)

Tsa = duration of a sediment contact event (h/event)

Fsa = frequency of sediment contact events (events/d)

Details of the model to estimate sediment concentration from the surface water concentration are given in
, . Whelan et al. (3). The shore width factor (SW) accounts for reduction in dose rate because the shoreline

is assumed to be narrower than the typical ground-plane exposure situation.



Soil External

IRsx t -- Tsl" (Eq. 23)

where IR_ = effective external exposuure rate for soil external exposure (h/d)

Tsl - daily exposure time to contaminated soil (h/d)
!

When the soil concentration is given in units of pCi/kg soil, the concentration must be converted to units
of pCi/m2 by multiplying by an assumed soil thickness and soil density.

Air External

The intake rate for external exposure to contaminated air is evaluated normalized to unit concentration in
air, as follows:

IRaxi = Tar (Eq. 24)

where IRaxi = effective external exposure rate for submersion in contaminated air (h/d)

Tar -- daily exposure time to the contaminated air (h/d)

Measured Direct Radiation

The intake rate for exposure to measured radiation fields is evaluated as follows:

IRdr = Tdr (Eq. 25)

where IRdr is the effective daily exposure to the measured radiation field (k/d) and Tdr iS the daily
exposure duration to the measured radiation field (h/d).

HUMAN HEALTII IMPACT btODELS

The daily intake and dose rates are used to estimate health impacts for each of the defined polhatants,
usage locations, and exposure pathways. A health-impact parameter for each pollutant is calculated using
functions appropriate to the toxicity response defined for the pollutant (radionuclide, carcinogenic
chemical, or non-carcinogenic chemical). Health impacts from radionuclides and radiation are expressed
as the lifetime risk of cancer (fatalities or total incidence). The health impact for carcinogenic chemicals is
the lifetime risk of cancer (total tumor incidence) as defined by EPA cancer potency factors (6,7). Health
impacts for non-carcinogenic chemicals are defined as a hazard index, which is the ratio of the daily intake
to a reference dose as defined by the EPA (63) for inhalation and ingestion. Dermal exposures are
expressed as equivalent oral intakes, as recommended by EPA (1).

The risk of cancer incidence to an individual from chemical intakes is evaluated as follo_:

R_t = ADDpt SFpt (Eq. 26)

,. , where R.pi = risk of cancer incidence for individuals exposed via pathway p to pollutant i (risk/lifetime)



ADDpi = average daily dose for pollutant i by exposure pathway p (mg/kg/d)

SFpi = cancer slope factor (potency factor) for intake of pollutant i by pathway p (risk per
mg/k_d)

The slope factors are defined in EPA's Integrated Risk Information System (6) and in Health Effects
Assessment Summary Tables (7) for inhalation and ingestion intakes. The values used in Eq. 26 must be
selected for the intake route appropriate for the exposure pathway being evaluated.

The risk of cancer incidence to an individual from radionuclide intakes is evaluated as follows:

R_ i = TDpi HEr (Eq. 27)

where Rpt i = risk of cancer incidence for individuals exposed via pathway p to pollutant i (risk/lifetime)

TDpi = total dose for radionuclide i by exposure pathway p (ram)

HEt = total cancer incidence conversion factor (risk/ram)

The risk of cancer fatality to an individual from radionuclide intakes is evaluated as follows:

R_ i = TDpl HEr (Eq. 28)

where Rpci = risk of fatal cancer for individuals exposed via pathway p to pollutant i (risk/lifetime)

HEr = fatal cancer incidence conversion factor (risk/ram)

and other terms are as defined above. Equations 27 and 28 also apply for the measured direct radiation
field exposure pathway.

A measure of the health risk to populations is evaluated by multiplying the individual health risk by the
population exposed. When several populations are exposed., or when more than one exposure pathway is
included, the total population health risk is evaluated as the sum of the health risks for every pathway and
population.

The health impact measure for exposure to non-carcinogenic chemicals is the hazard quotient or hazard
index. This parameter is evaluated as the ratio of the estimated intake to the reference dose for the
pollutant and intake route of interest, as follows:

ADDpl (Eq. 29)
HIpl- RfDp i

where Hlpi = hazard index for pathway p and pollutant i (dimensionless)

ADIDpi = average daily intake rate of pollutant i by pathway p (mg/kg/d)

RfDpi - reference dose for intake of pollutant i by pathway p (mg/kg/d)

The reference doses are defined by EPA (6,7) for ingestion and inhalation intakes. The reference dose is a
level of exposure that is unlikely to impact health of individuals exposed at that level. The hazard index
values may be summed over exposure pathways (as appropriate to the exposure scenario being defined) to

, . obtain a hazard quotient for the pollutant. There are no meaningful measures of population health impact
for non-carcinogenic chemicals.
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The models described in this paper are consistent with current EPA guidance for exposure and human
health impact assessments. The primarychange necessary to MEPAS to incorporate the features of these
models has been addition of user options to modify the basic exposure parameters (body weight, exposure
duration, and intake rates) and addition of specific EPA models for dermal contact and indoor air
inhalation. The user now has the option to establish a pre-defined set of default parametervalues that can
be accessed for all analyses. This pre-defined default parameter file can be established to represent any
appropriate regulatory analysis.
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TABLE 1. Transport and Exposure Pathway Summary

Contaminated Concentration Exposure
Transport Pathway Medium Units Route Exposure Pathways

Groundwater Water at well mg/L or pCi/L Ingestion Drinking water
location Ingestion Water while

showering
Dermal Shower water

contact
Inhalation Air while

showering
• .

Water at intake for mg/L or pCt/L Ingestion Leafy vegetable
agricultural Ingestion Other vegetables
production Ingestion Meat

Ingestion Milk

Surface water Water at domestic mg/L or pCi/L Ingestion Drinking water
intake location Ingestion Water while

showering
Dermal Shower water

contact
Inhalation Airwhile

showering

Wateratrecreationalmg/LorpCi/L Ingestion Waterwhile
uselocation swimming

Ingestion Sedimentfrom
shoreline

Dermal Swimmingwater
contact

Dermal Shorelinesediment
contact

External Waterwhile• .

swimming
External Waterwhile

boating
External Shoreline sediment

Water at intake for mg/L or pCi/l., Ingestion Leafy vegetable
agricultural Ingestion Other vegetables
production Ingestion Meat

Ingestion Milk

Water at aquatic food mg/L or pCi/L Ingestion Fin fish
production location Ingestion Shellfish

Atmospheric Air at location of mg/m3 or pCi/m3 Inhalation Air
people External Submersion in air

Soil at location of mg/m2 or pCi/mz Ingestion Soil
. . - people Dermal Soil contact
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TABLE I. (contd)

Contaminated Concentration Exposure

Transport Pathway Medium Units Route Exposure Pathways

Inhalation Soil resuspension
External Soil

Air at location of mg/m3 or pCi/m3 Ingestion Leafy vegetables

agricultural Ingestion Other vegetables
production Ingestion Meat

Ingestion Milk

Soil at location of mg/m2 or pCi/mz Ingestion Leafy vegetables

agricultural Ingestion Other vegetables
production Ingestion Meat

Ingestion Milk

Measured soil Soil at location of mg/kg or pCi/kg Ingestion Soil
people . . Dermal Soil contact

Inhalation Soil suspension
External Soil

Measured foods Food eaten by people mg/kg, rag/L, Ingestion Food
pCi/kg, or pCi/L

Direct radiation Radiation dose rate rad/h External Radiation exposure
at location of people

°
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