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1.0 INTRODUCTION 

This document presents the methodology to be used in development of the baseline 

human health risk assessment (BHRA) for the City of Delavan Municipal Well No. 4 

Superfund Project. The United States Environmental Protection Agency (USEPA) 

defines a BHRA as an evaluation of the potential adverse health effects from releases 

of hazardous substances at a site in the absence of any remedial action. A BHRA is 

often viewed as a human health evaluation of the no~action alternative. In this 

regard, the BHRA at this site may not be considered a true baseline risk assessment 

since remedial measures have been present at the site since 1984. However, for the 

remainder of this document and project, this initial study performed by Foth & 

Van Dyke for the WDNR will be termed a BHRA. 

The principal guidance document which will be used for developing the risk 

assessment will be the Risk Assessment Guidance for Suocrfund: Human Health 
Evaluation Manual CPart A)., 1989. Additional USEPA documents which may be used 

include: Superfund Exposure Assessment Manual (1988), Exposure Factors Han.dbook 

(1990), and .a supplemental guidance document titled Standard Default Exposure 
Factors (1991). When necessary, the open literature may also be used for development 

of the risk assessment. A complete bibliography of the above references and others 

which will be used in the BHRA is present at the end of this document. 

1.1 Site Overview and Background 

A random sampling of municipal water supply systems by the WDNR in 1982 

discovered elevated levels of trichloroethene (TCE) at Delavan Municipal Well No. 4. 

Following an investigation, the source of contamination was determined to be Sta·Rite 

Industries, Inc., a: manufacturer of high•_quality pumps, which is located approximately 

400 feet east of City Well No. 4. A hazard assessment perf 9rmed by the USEPA 

utilizing the Hazard Ranking System {HRS), resulted in a score of 28.9, sufficient to 

qualify the site for National Priorities List (NPL} nomination under Superfund. City 

Well No. 4 was nominated for the NPL in 1983 and listed in 1984. 
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Several studies have been performed at the site since the 1982 discovery of TCE in 

City Well No. 4. The studies revealed that the contamination was originating from 

Sta-Rite Plant No. 1, located approximately 1,000 feet north-northeast of City Well 

No. 4, and Sta-Rite Plant No. 2, located approximately 400 feet east of City Well No. 4. 

Generally, the plume associated with Plant No. l consists of groundwater impacted by 

TCE and 1,1,1-trichloroethane (TCA), while the plume associated with Plant No. 2 

consists primarily of TCE and tetrachloroethene (PCE). 

The studies also showed that approximately 400 feet of unconsolidated glacial deposits 

overlie bedrock at the site. The unconsolidated deposits consist of approximately 

seven feet of topsoil overlying 150 feet of coarse sands and gravel. Below the sand 

and gravel unit is approximately 265 feet of fine-grained glacial till. The water table 

surface occurs at an average depth of 35 feet. City Well No. 4 is approximately 

US feet .deep with the lower 20 feet consisting of wire:-bound well screen. 

A pump test and hydraulic analysis conducted by Hydro-Search, Inc. in 1990 showed 

that impacts to City Well N6. 4 were from Plant No. 2. The report concluded that 

Plant No. I was hydraulically isolated from .City Well No. 4. 

Active remediation is currently present at the site. A groundwater extraction system 

consisting of five pumping wells discharging to the storm sewer has been operating at 

Plant No. l since 1984. Two extraction wells have been operating at Plant No. 2 since 

1985. In addition, an in situ soil vacuum extraction system has been in operation at 

Plant No. 2 since 1988. 

A prelimin:ary health assessment conducted by th.e Wisconsin Department of Health 

and Social Services in 1989 concluded that a public health concern exists at the 

location when City Well No. 4 is operating. The report recommended that City Well 

No. 4 should not be used except in emergency situations. The report also 

recommended collecting more data so that additional environmental and human 

exposure pathways could be properly evaluated. 
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1.2 Risk Assessment Objectives 

The objective of the BHRA performed at Delavan is to quantitatively evaluate the 

current and future adverse health effects at the site due to human exposure to the 

released substances. The c9nclusions of the risk assessment, as well as information 

contained within the assessment, can be used to assist remedial action decisions at the 

Site. 
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2.0 DATA EVALUATION 

The objective of the data evaluation section is to develop a data set which will be 

appropriate for use in the BHRA. Data from the RI/FS may be used exclusively to 

construct the BHRA or be combined with data from previous on-site investigations. 

Factors used to ev.aluate the appropriateness of including past data are the similarity 

of laboratory methods used to obtain the data. QA/ QC procedures followed and 

similarity in concentrations or concentration trends over time. 

Decisions on including past data in the risk assessment analysis will be made 

following consultation with the WDNR project manager. 

2.1 Site Characterbatlon/ Data 

The data evaluation section will construct a data set to be used in the BHRA. Often 

an entire data set is not used as some results may not withstand the rigor of the 

QA/QC procedures. Other samples may be rejected if the sample quantitation limit 

(SQL) greatly exceeds positive reported results or if the data are semi-quantitative, 

e.g .• organic vapor analyzer readings. 

The Quality Assurance Project Plan (QAPP) developed for this project emphasizes 

approved formal procedures to ensure that quality data will be collected. Data 

Quality Objectives (DQO) within each Operable Unit (OU) arc presented in the 

Sampling and Analysis Plan (SAP). Five DQO analytical lev.els have established for 

the project. Data intended for use in the risk assessment has been assigned the three 

highest DQO analytical levels (III. IV, and V). 

2.1.1 OAIOC 

The QAPP contains specific QA and QC p.rocedures, which if followed, will help to 

ensure the collection of legally defensible data. 
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2.2 Treatment or Data 

At times analytical data may be transformed in order to be better utilized in the 

BHRA. Examples of transformations which may be used on the data include. 

statistical tests and procedures, treatment of no detects. proper use of qualified 

(coded) data and background chemical information. Complete procedures with 

example calculations will be included with any data transformation. 

2.2.1 Statistical Evaluation · 

Routine statistical procedures such as a determination of population distributions, 

means. range. standard deviations and 95 percent confidence intervals will be used 

with the data set. Results from these analyses will be presented in tabular format and 

separated by the environmental medium of concern. More sophistic;tted statistical 

tests, e.g., parametric and nonparametric analysis of variance (ANOV A). may be 

performed on the data set. These tests can help to show whether significant 

differences are present in contaminant concentrations over time and also between 

diff ercnt OUs. This type of analysis can be incorporated into the BHRA to provide 

v,aluable information to the risk management. remedial decisions for the entire site or 

within an individual OU. 

2.2.2 Qualified Data 

Questions regarding chemical identity, chemical concentration, or both, are frequently 

present in environmental data sets. Under the EPA contract laboratory program 

(CLP), analytical results with these types of concerns will be flagged through the use 

of various data qualifiers or codes. Laboratories without CLP accreditation will often 

use the same type of code on suspect data. All qualifiers will be handled in a 

consistent manner using the guidelines presented in RAGS (EPA 1989). In the event 

that the data qualifiers used by the laboratory are not defined in the data set, a 

request will be made to the laboratory for the exact meaning of the qualifier. 

Qualified data will not be used in the BHRA until its meaning is clearly understood. 
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2.2.3 Data Summary 

The BHRA data set will be presented in a clear and concise manner. This will be 

accomplished through the use of tables which summarize the data by medium, time 

collected, statistical tests pcrforme.d and by OU. Data within an individual medium 

may also be separated for the BHRA, i.e., surface soil exposure differs from 

subsurface soil exposure. 

When appropriate, chemical concentration data from different mediums, but within 

the same OU will be presented together. This will aid in determining what types of 

relationships, if any, exist between chemical concentrations within adjacent mediums. 

2.l .4 Background Chemical Concentrations 

A comparison of site chemical concentrations within a medium to naturally oc.curring 

or anthropogenic chemicals in the environment can greatly aid risk management 

decisions at a site. Back,ground chemical information can be obtained from a 

combination of off-site sampling and local, regional, or national data bases. 

Another type of analysis related to a background .evaluation is a comparison of the 

normal daily exposure and risk to a specific compound from the air, food, and water, 

to site chemical exposure. For example, TCE is present in the ambient air within the 

United States at concentration levels in the part-per-trillion range. This type of 

ambient exposure has a small but expressible risk associated with it. When presented 

properly, background information of this sort is often very useful in aiding site risk 

ma nagement decisions. 

2.2.s Identify Chemicals-of-Concern 

At many locations where a release of hazardous substances has oc-curred, subsequent 

environmental investigations reveal the presence of a large number of cUfferent types 

of organic contaminants; Many of the compounds detected arc either only 
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inf requcntly seen or arc present in low concentrations and possess a low degree of 

toxicity. Inclusion of all the chemicals detected in an investigation into the BHRA 

may distract from the true risks presented at the site. A procedure exists. using 

chemical classes. frequency of detection, background chemical information' data, 

essential nutrient information. and a concentration-tox.icity screen to reduce the 

number of compounds taken through the BHRA. 

Past .data collected at the Delavan site showed that TCE, PCE, and TCA, comprise the 

compounds most frequently seen at the site. However, other VOCs detected at the site 

include 1. 1-dichloroethane, trans-1,2-dichlorocthene, I. I -dichloroethane and toluene. 

Dependant on the RI/FS results. it may be appropriate to eliminate some .contaminants 

from the BHRA. 

A Technical Memorandum will be submitted to the WDNR which contains the identity 

and concentrations of the chemicals to be taken through the BHRA and any applicable 

or relevant and appropriate requirements (ARARs) of those compounds. 
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3.0 EXPOSURE ASSESSMENT 

The objective of the exposure assessment is to estimate the type (inhalation, ingestion, 

a.nd dermal) frequency, duration and magnitude of exposures at the site due to the 

releases ot hazardous substances; The exposure assessment constitutes a critical section 

of the risk assessment where site-specific information is used to estimate the degree of 

chemical intake through the various exposure routes. This information will be later 

combined with the toxicity assessment information contained in another section of' the 

risk assessment to evaluate the overall site hazard. 

The media of concern at this site includes the soil, air, groundwater, surface water 

and sediments. Within each medium, the degree of human exposure will be evaluated 

through a series of exposure scenarios. An exp·osure scenario is formulated-into an 

equation which solves for the chronic daily intake (CDI) of an individual compound 

in a particular medium. The scenarios will consider both current and future 

exposures. 

Current exposures at the site will be evaluated usfog the data collected during the 

RI/FS. Future exposures will have to be based on models of future -conditions which 

can be constructed through the use or existing monitoring data coupled with statistical 

and environmental fate models. 

For example, sufficient characterization of TCE at a number of locations has been 

conducted so that a statistical trend analysis can be performed on the data 

(Figure 3-1 ). Assuming TCE data from the RI/ FS falls within specific confidence 

intervals on the trend line than e>ttrapolations with some degree of certainty can be 

made on future TCE concentrations at a given exposure point. 

When constructing human health risk assessments at Superfund sites the USEPA 

embraces the concept of Reasonable Maximum Exposure (RME), which requires the 

risk assessor to develop exposur.c or CDI equations that reflect a conservative estimate 

on exposure. The idea is to estimate an exposure level which is above the "average 

case" but less than a "worst case" analysis through combining upper-bound and 
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mid-range exposure factors into the COi equations. Recently the USEPA published 

OSWER Oircctivc-928.6·03. March 1991 which attempts to reduce unwarranted 

variability in the selection of exposure factors used to estimate a RME. An 

illustration of how uppe.r-bound and mid-range exposure factors may be combined into 

a standard exposure intake calculation is presented in Figure 3-2. Use of site-specific 

information to generate exposure factors which deviate from RAGS or the recent 

OSWER directive arc still allowed, however, the use of .alternative exposure factors 

must be accompanied by supporting data with solid justification for their use. 

In the exposure assessment COis arc not summed across exposure pathways, i~e., 

simultaneous exposure to compounds in air and soil. rather this task is performed in 

the risk characterization section. Yet the RME e·onccpt at a site holds for exposures 

across pathways as well. Therefore. to arrive at an RME across pathways it may be 

necessary to combine the RME for one pathway with a more typical exposure analysis 

for another pathway. The key determination to be made is whether it is likely that 

the same individual would consistently face the RME by more than one pathway. If 

sufficient reasoning cannot be found to use RME across pathways, than the assessment 

should rely upon equations which combine average exposure parameters with 

conservative parameters. 

A discussion on the uncertainty associated with the exposure assessment will be 

presented as part of the BHRA. Part of this discussion will include tables which 

highlight the exposure equation input v:ariablcs. range of variable values, value chosen 

and reasoning for choosing that value. 

A Technical Memorandum will be submitted to the WONR which contains the 

exposure pathways considered for inclusion in the BHRA. assumptions used in the 

exposure equations, and results of any environmental fate model. 

3.1 Receptor ldentlflca(ion 

Current and future individuals or rec.eptors who have the potential to be exposed to 

substances from the site will be identified. If the probability of exposure occurring 
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Intake = C x IR x EF x ED 
BW X AT 

C = Concentration of the chemical in each medium (conservative 
estimate of the media average contacted over the exposure 
period). 

IR = Intake/Contact Rate {upper-bound value) 

EF' ... Exposure Frequency (upper-bound value) 

ED = Exposure Duration (upper-bound value) 

BW ... Body Weight (average value) 

AT = Averaging Time (equal to exposure duration for non­
carcinogens and 70 years for carcinogens). 

DELAVAN RISK ASSESSMENT PLAN 

FIGURE 3-2 
GENERIC INT AKE EQUATION 

II 
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is very low. the professional judgement of the risk assessor in conjunction with WDNR 

guidance will be used to determine if the receptor and exposure pathway should be 

included in the BHRA. 

3.l Exposure Pathway 

An exposure pathway describes the course a contaminant may take from an identified 

source to a potential receptor. Key elements of an exposure pathway include: 

contaminant source and release mechanism(s). transfer media. exposure point and an 

expos\lre route. Each element must be present or have a significant potential of being 

present. e.g., future use of groundwater in an impacted area. for the exposure pathway 

to be included in the BHRA. 

3.2. I Ingestion 

The potential for receptor ingestion of contaminated soil. groundwa.ter and surf ace 

water exists at the Delavan site. Inadvertent soil ingestion and groundwater ingestion 

have a greater potential than surface water ingestion to f,orm a complete exposure 

pathway at this site. 

Two major surface water bodies, Delavan and Comus Lakes, arc in the vicinity of the 

site. however, only Comus Lake, a probable discharge area for groundwater flow from 

the site, has the potential for sitc·rclatcd compound exposure. Previous work 

(Donohue 1984) did not reve.al TCE or TCA in Comus Lake. RI/FS results from 

OU·ID will help to sh'Ow if future exposure to contaminants in Comus Lake is 

probable. 

The groundwater extraction system and site surface runoff water enter the municipal 

storm sewer which ultimately discharses into an intermittent stream feedins Swan 

Creek. Surface water and sediment contaminant characterization at the discharge 

location will take place as part of the OU·2E investigation, Assuming receptors are 

present at this location. the data from OU-2E will be used in the development of an 

exposure pathway. 
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Receptors exposed to contaminated groundwater include the Delavan residents who 

use water from City Well No. 4. Since watet use from City Well No. 4 is only reserved 

for peak demand times and water from City Well No. 4 is blended with clean water, 

information collected in OU-2E of the RI/FS will be necd.cd to estimate exposure. 

The estimate of the VOC concentrations at the tap will be obtained through an 

analysis of VOCs in the municipal distr.ibution system receiving water from City Well 

No. 4. An assumption wilt be made that the VOC concentrations in the distribution 

system are equal to the VOC concentrations at the tap. This information will be 

compared with exposure to City Well No. 4 water at the wellhead in order to better 

evaluate the risk associated with using City Well No. 4. 

3.2.2 lnhalaflon 

Exposure to chemicals-of-con.ccrn in the ambient air have the potential to occur at 

several exposure points including: groundwater extraction w.ell discharge points, soil 

vapor extraction emission locations, volatilization from soil, storm sewer discharge 

areas and volatilization from contaminated groundwater during residential use. 

Estimations on the exposure concentrations will be made through a combination of 

ambient air monitoring, emission measurements with dispersion modeling and emission 

modeling with dispersion modeling. Simple screening models will be used in a first 

approximation to estimate ambient air ,concentrations of the chemicals-of-concern 

(Appendix A). If necessary, more sophisticated models may be selected if the 

screening models indicate that the inhalation route is an exposure route of concern. 

3.2.3 Dermal 

Potential dermal cx•posure routes at the site include dermal contact with: site soils, 

groundwater, e.g., showering or bathing with City Well No. 4 water, surface waters and 

sedimcn.ts. Dermal exposure CDI equations differ from most other exposure equations 

in that the equations consider the absorbed dose as compared to the administered dose. 

Absorption factors arc used to a_ccount for the binding of the compound to soil or 
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sediments and absorption of the compound across the dermal barrier. Absorption 

factors will be obtained fr_om the open literature. 

3.2.4 Enylronmental Fate and Transport 

Following release of a chemical into the environment several different fate 

mechanisms, such as volatili:tation, biodegradation, chemical or abiotic degradation, 

adsorption and bioaccumulation, may affect the concentr:ation of a compound, A 

compound's fate in the environment is dependent on its physical/chemical properties. 

When applicable these properties will be used in environmental fate models, e.g., first­

order biodegradation expressions, to predict future contaminant concentrations at 

exposure points. 
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4.0 TOXICITY ASSESSMENT 

The objective of a toxicity assessment is to estimate the potential for site contaminants 

to cause adverse health effects. The two separate steps used to accomplish this task 

are hazard identification and dose-response. Hazard identification describes 

qualitatively the types of adverse health effects which may occur following exposure 

to the chemicals-of-concern. The dose-response discussion is a quantitative evaluation 

of the dose of a chemical likely to cause carcinogenic and/or noncarcinogcnic health 

effects. Toxicity information will be obtained from the integrated risk information 

system (IRIS), health effect assessment summary tables (HEAST) and if unavailable 

from either of these sources, other USEPA references or the open literature. 

Currently, no approved mechanism exists for incorporating hazard identification 

information into dose-response information, yet an appreciation of their 

interrelationship is important in viewing site risk. For example, a high carcinogenic 

risk estimate at a site may be driven by a compound which has only demonstrated 

tumorigenicity in a select rodent strain, but not in humans. Failure to consider this 

type of information in risk management decisions may lead to an overestimation of 

the site hazard. 

4.1 Hazard Identification 

The toxicity information on a substance is collected from epidemiologic, clinical and 

animal studies and used in an evaluation of the hazard of the substance. If present, 

toxicity information should be prcsen,tcd which best matches the conditions and 

exposure charitcteristics of the study site. Additional supporting data which the 

USEPA considers in the toxicity assessment of a chemical are short-term genotoxicity 

tests such as tests for chromosomal aberrations and DNA damage and repair. The 

present trend within the agency is for a greater incorporation of supporting toxicity 

information into risk assessments and risk management decisions. 
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4.2 Noncarcinogenic Effects 

A ref crence does, or RfD, will be used as the noncarcinogenic toxicity value to assess 

the likelihood of adverse health effects to receptors. A RfD is an estimate .of the 

daily intake of a chemical which would be free from adverse health effects. The use 

of an RfD implies that a threshold dose or exposure limit occurs, below which no 

response is seen. RfDs are obtained from the USEPA and exist for most chemicals. In 

the event a RfD is not present for a chemical, one may be d~rived using EPA 

methodology. 

Subchronic RfDs are also available and should be used to evaluate short-term 

exposures, Le., two weeks to seven years. All RfDs incorporate a degree of 

uncertainty and should not be viewed as an absolute dividing line separating toxic 

from nontoxic exposures. 

4.3 Carcino&enic Effects 

A slope factor will be used as the carcinogenic toxicity value to assess the 

carcinogenic risk to the receptors. The slope factor is the upper 95 percent confidence 

limit of the slope of the carcinogenic dose/ response curve. Use of the slope factor 

will generate an upper-bound lifetime probability of an individual contracting cancer 

following a set exposure to a chemical. Sometimes the cancer risk estimate is 

incorrectly viewed as the probability of dying from a cancer. It should be emphasized 

that the slope factor only indicates the probability of developing a cancer. 

A weight-of-evidence classification will accompany each chemical and slope factor. 

This classification indicates the potency or strength of the carcinogen. The most 

likely tumor site will be presented for each carcinogen listed. 

A Technical Memorandum will be submitted to the WDNR which highlights the 

information to be used in the toxicity assessment section of the BHRA. 
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S.O RISK CHARACTERIZATION 

The objective of the risk characterization section is to assimilate the exposure and 

toxicity assessment information into a quantitative risk expression. For an individ.ual 

pathway and chemical, a cancer risk and noncancer hazard quotient estimate will be 

calculated. If multiple chemicals are present within an individual pathway, the risk is 

summed for the chemicals to arrive at a total cancer risk and noncancer hazard index. 

At some locations, an individual might be ex.posed to chemical(s) though more than 

one pathway, e.g., ingesting contaminated drinking water and inhaling air 

contaminants. if so, risks will be combined across pathways. Risks across pathways 

will only be calculated at the site if a clear justification for doing so is present. This 

decision will rely upon the professional judgement of the risk assessor in collaboration 

with the WDNR project manager. 

The key assumptions used in the risk assessment will also be presented in this section, 

with some discussion as to how these assumptions impact the risk expression at the 

site. The risk characterization section acts as the link between the risk assessment and 

risk management portions of a project and as such, is important to the overall 

remedial decisions at the site. 

A Technical Memorandum which describes the results of the risk characterization will 

be prepared and delivered to the WDNR. 

5.1 Noncancer Risk Estimate 

Unlike a cancer risk expression, a noncancer risk expression is not presented as a 

probability statement. Rather. the CDI is divided by the RfD to produce a hazard 

quotient. lf the quotient exceeds one th.ere is the potential for adverse 

noncarcinogenic effects to occur to exposed individuals. The CDI/RfD ratio is not a 

probability statement, however, the greater the value is above one, the more concern 

should exist at the site. 
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The potential for noncarcinogenic effects from multiple chemical exposures is 

evaluated through the sum of individual hazard quotients to arrive at a hazard index. 

Therefore. simultaneous exposure to multiple chemicals, none of which has a hazard 

quotient value greater than one could trigger concern at a site. This approach has 

several major limitations. including that the assumption of dose additivity is best 

applied to chemicals with either the same mechanism of action or effect. The USEPA 

recognizes the limitations associated with the noncarcinogenic assessment and allows a 

segregation of hazard indices to be performed at .a site. This process segregates 

chemicals by effect or mechanism of action so that an overestimation of the site 

hazard is no.t presented. If necessary. a segregation of hazard indices will be 

performed as part of the risk characterization. 

5.2 Cancer Risk Estimate 

The CDI developed in the exposure assessment is multiplied by the slope factor from 

the toxicity assessment to arriv.e at the can.ccr risk. This equation is valid for risk 

levels below 0.01. if a greater calculated risk- is present at the site than the alternative 

one-hit equation will be used to calculate the cancer risk. The risk estimate derived 

through EPA methodolo·gy is an upper-bound estimate and therefore. the real risk 

associated with a site is not likely to exceed this estimate. 

Simultan¢ous exposure to more than one carcinogen is presently cvalu,ated through a 

simple summation of each individual cancer risk estimate. This evaluation assumes 

that synergistic or antagonistic mechanisms are absent with the chemicals. This 

assumption may be incorrect leading to either over- or under-estimation of the actual 

site cancer risk. Improved me\hods for evaluating carcinogen interactions are 

becoming available and may be available for use at the site. 

S.3 Assumptions and Uncertainties 

A qualitative uncertainty analysis will be included in this section of the report. This 

analysis will identify the key assu.mptions used in the risk assessment and describe the 

potential impact these assumptions had on the expression of risk at the site. Common 
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areas leading to uncertainty at a site inctude the site data package, statistical 

treatment of the data, exposure scenario inputs and toxicity values used in the risk 

assessment. The uncertainty analysis will include but possibly not be limited to these 

key areas. 

S.4 Risk Expression and Communication 

The final portion of the risk assessment interprets the findings of the risk assessment 

in the context of the overall information collected at the site during the RI/FS 

process. The intent is to fully articulate the results of the risk assessment, which up 

to this point arc often only presented as numerical estimates of risk. For example, the 

major factors driving the site risks will be discussed at this time. To the extent 

possible, the results of the baseline risk assessment will be presented graphically to 

help in the communication of the study results. The primary user of the risk 

assessment will be the site manager responsible for risk management decisions at the 

site. The risk assessment will furnish a risk estimate for the site which the risk 

manager will use along with other site factors, e.g., economic, legal, and social to help 

formulate acceptable remedial action alternatives. 
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DR,~-.FT FEB I 5 1991 

SCREENING METHOD FOR ESTIMATING INHALATION EXPOSURE TO VOLA'IUE 
CHEMIC.AIS FROM DOMESTIC WATER 

1. Introduction 

The following discussion bas been developed to provide a screening method for 
estimating the indoor air concentrations of volatile chemicals from indoor water uses and the 
resulting human inhalation exposures, with an emphasis on showers. A computerized model 
titled MA VRIQ (Model for Analysis of Volatiles and Residential Indoor-Air Quality), which 
is under development, may also be used to refine the exposure estimates since it more 
accurately accounts for human behavioral and water use patterns. 

This procedure evolved from research done by Julian Andelman at the Universtity of 
Pittsburg under funding from the Expsoure Assessment Group at US EPA in Washington, 
DC. The references given provide a more detailed description of these procedures and related 
work. 

2. When is Inhalation Exposure of Concern? 

In order to determine the significance of the inhalation pathway the ratio of the vapor 
inhalation exposure to the water ingestion exposure ca.n be calculated. Using Henry's Law 
Con~tant _to obtain the equilibrium concentration in air, and setting a ratio of < 0.1 as 
criteria, ~he equation can be derived as follow: , ,. ~ 

max i~halat~on exposure <~} (1) • I j 'Ji(,'Nk \ j _ o 
water 1ngest1on exposure 1 ~ ~ (~, }JJ 

H C,. X (20,000 LJday) < Q (2) c,,tvlV'~ ff 
Cw x (2 Uday) · 

H < 10.s 

Where C,., = contaminant concentration in water (mg/L) 
H = HenQ•'s Law Constant (unitless) 

(3) 

The unitless Henl)•'s Law Constant can be calculated by using the following equation. 

H = B'/RT 

where H' = Henry's Law Constant in atm-m3/mof 
R = gas constant in atm-m3/mot °K 
T = temperature in °K. · · 

1 
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Assuming a typical water temperature in a shower scenario of 400C, RT is 2.6 x 10·2 atm­
m3/mol. 
Equation (3) suggests that for compounds with Henry's Law Constants or < 1o·S, the 
inhalation exposure would not exceed ingestion and is probably much less, therefore the 
inhalation pathway may not be of concern when compared to ingestion. Caution should be 
used when applying this criterion. If the ingestion exposure is signilicant, the inhalation 
exposure, although orders of magnitude less, may also be significant when considered 
separately. 

3. Showering Exposure 

The derivations and assumptions of the equations used to estimate exposure through 
the showering scenario are included in. Appendix 1. 

The exposure equation below accounts for the exposure during the showering time and 
the exposure during the period subsequent to the shower where there is a decay of the 
chemical concentration. 

Where: Ei = exposure [mg] 
C&Avot = average air concentration during shower [mg/L] 
CaAvo2 = average air concentration after shower (mg/L] 
B = breathing rate (I.Jhr] 

· t 1 = shower period (hr] 
'2 = after shower period [hr] 

(4) 

C&Avoi and C&Avo2 are estimated using equations (S) and (6) and (7) below. 

caMAX = c.. X r X F •. X t, 
. \' . 

• 

(S) 

(6) 

(7) 

Where: C&MAX = maximum air concentration in bathroom [mg/L] 
C. = water concentration [mg/L] 
r = fraction volatilization {unitless] 
F., = '!liter Dow rate [IJhr]-
v. = bathroom size [L] 

Default values for the variables in the-st equations are tabulated in table 1. 

Using equations (4) through (7)··~~d the average or most probable values from Table 1, one 
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can estimate the exposure during showering. 
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Example: 
Assumptions 

r = .,s 
F,. = 600 lJhr 
t 1 = 0.08 hr 
'2 = 0.2 hr 
v. = 10,000 L 

CaMAX = {:, .. (0.75}(6001.Jhr){0.08 hr) 
(10,000 L) 

= 3.6 X 10-3 C,. 

C&Avo = 1.8 x 10·3 C.. 
Ei= 1.8 x 10-1 C.,(8331Jhr)(0.08hr) + 3 •. 6 x 10-1 C..(8331./hr)(0.2hr) 

= 0.72(L) c_ 

: 
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. I 

Variable 

Fraction 
Volatilization (f) 

Water Flow 
Rate (F .,) [11hr J 

TABLE 1 

Value or Range Reference 

0.5 • 0.9 (typical=0.75) 1 

600 - 1,800 (mean=600) 2 

Shower Period (t1) [hr] 0.08 - 0.3 (mean=0.08) 2 

After Shower 
Period (tJ 

0.2 (typical) 1 

Bathroom size (V1) [L] 8,300 • 9,800 3 

Breathing Rate (B) [Uhr] 833 (20m3/day) 4 

1. Andelman, J., Total Exposure to Volatile Organic Compounds in Potable Water, Chapter 
20, Significance and Treatment of Volatile Organic Compounds in Water Supplies 

2. U.S. Department of Housing and Urban Development, Residential Water Conservation 
Projects, March 1984, Contract H-S230 

3. Giardino NJ, Gumerman E, Andelman JB, Wilkes CR, Small MJ, Borrazo JE, Davidson 
CI (1990), Real-Time Air Measurements of Tricbloroetbylene in Domestic Bathrooms using 
Contaminated Water 

4. U.S. EPA Factors Handbook 

.. ' : 
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4. \\'hole House Exposure 

Similarly, a one-compartment indoor-air model may be used to describe the range· of 
average indoor-air concentrations that are likely to be encountered from a volatile organic 
chemical. The equation does not address the time and space variations that will be 
encountered throughout the day in the home. The exposure estimates obtained using the air 
concentrations from equation (8) do not include those that would occur at the point of water 
use, such as during showering. 

The air concentration can be estimated by using the equation below. 

C. = WHF C.. f 
HVERMC 

where; c. = concentration in air (mglm3
) 

C. = concentration in water (mg!L) 

(8) 

VVFH = water Dow rate in whole house (llday) 
HV = house volume (m3

) 

ER = exchange rate (air changes/day) 
MC = mixing coefficient (unitless) 
f = fraction of contaminant that volatilizes (unitless) 

Table l shows a list of the ranges of values that these variables can take. An example 
of the use of equation (8) is presented below. 

Assumptions 

WFH = 723 (Uday) 
HV = 177.7 (m3

) 

ER = 13.7 • 58.8 (air changes/day) 
M:C = 0.15 • 1.0 (unitless) 
f = 0.S • 1.0 (unitless) .·· . 

c. = (0.03 • 2.0 [Um3
]) c_ [mg.IL) 

.. .. : 
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Variable Value or Range 

Water Flow 
Rate (WFH) [Uday J 723 (typical) 

House 
Volume (HV) [m3J 177.7 (typical?) 

Exchange Rate (ER) 
[ air changes/day] 13.7 • 58.8 

Exchange Rate (ER) 
[air changes/day] 21.6 • 84.0 

Mixing Coefficient (MC) 
(unitless) 0.15 • 1.0 

Fraction 
Volatilization (f) 
[unitless] 0.5 • 1.0 

TABLE2 

Reference 

1 

2 

3 

4 

s 

6 

1. U.S. Department of Housing and Urban Development (1984) Residential Water 
Conservation Projects 

2. Axley J (1988) Progress Toward a General Analytical Method for Predicting Indoor Afr 
Pollution in Buildings: Indoor Air Quality Modeling Phase m Report. NBSIR 88-3814 

3. Grimsrud D.T., Sherman M.a., and Sonderegger R.C. (1982) Calculating infiltration: 
Implications for a Construction Quality Standard. Proceedings • ASHRAFJDEO Conference 
on Thermal Performance of the Exterior Envelopes of Buildings, Las Vegas, NV, Lawrence 
Berkeley Laboratory Report, LBI.,.9416. (refers to new houses) 

4. ASBRAE (198S) Natural Ventilation and Infiltration. ASHRAE Fundamentals 
Handbook, Chapter 22, ASBRAE Inc., Atlanta, GA. (refers to older houses) 

5. U.S. EPA (1987); Exposure to Volatilized Drinking Water Contaminants Via Inhalation. 
Importance Relative to Ingestion; Office or Drinking Water, Criteria and Standards Division, 

Health Effects Branch. 
. . ... : 

6. Cantor, K.P., Christman R.F., Ram, N.M., Significance and Treatment of Volatile Organic 
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Compounds in Water Supplies; Chapter 20 • Total Exposure to Volatile Organic Compounds 
in Potable Water; Julian B. Andelman 

Note: The ranges represent the average value and the maximum value. For the range 
presented in reference #4, the first value represents the median. Values presented for mixing 
coefficients are based on judgment. 

.. .. : 
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Appendix A: Derivation of Equa1ions 

Nature ot Yolatili;ation ftocess 

To assess the potential for VOC'a to volatilize troa water 

used indoors, it is useful to conaider the equilibriWI and rate 

processes involved. The %el•vant relationship describing the 

volatilization of a chemk::al and ita subsequent equilibriWR 

between the air and water phases is Henry's law 

H-• CJC.. (l) 

where His the diaensionleas Henry's law constant, and c. and C. 

(aasa/volw) •re ttle concwiztrationa of the volatilized chellical 

in the air and vater phases, respectively, at equilibriWI. 

Tables is a list ot 1l constants at 25 •c for aevaral 

organic chellicala of environmental concern, along with their 

vapor pressures and solubilities, the values being approximate, 

either calc:ul~ted or taken directly from the coapilation by 

Mackay and Shiu .{i9J. ~J( constants shown there encoapaas a 

' . .. . 

9 

A9 

----------~--------..-- . -- - ---·· -·~· _..,. _.... .. 

'·-·· .. ,... 



range greater than five orae~s of magnitude. Their vapor 

pressures and water solubilities are also quite different. Since 

the H values are predicted ~airly well by the ratio of the vapor 
.,. :.( 

pressure of the pure material to _it• aqueous solubility, 

compo~ds such aa cubon tetrachloride and tetrachloroethylene, 

with quite different solubilities and vapor pressures, can 

nevertheless have similar H values. Also it ia eaaential to 

recognize that even a low v;por-preaaure .cheaical, by virtue of 

its low solubility in water, haa the potential to volatilize to 

the same extent as a high vapor-pressure chemical. 

The maximum extent -to which a chUlical aay be expected to 

volatilize in the home trom indoor water uaea can be estimated by 

considering the average quantities of water used within a home, 

F. (L/h), along with typ:i:ca."'l air flow or infiltration rates F. 

(L/h). For a family of four a typical ratio of FJP. may be 
. ~-

taken as 104 [4]. The ratio o·t maaaea of volatilized chemical a, 

~, in the two phases ia given by 

r • ·(C.IC.) (VJV.) 

where v. and v. are the quantities of air and water, 

respectively, used in .a qi-.,en period of time in the hoae. 

(2) 

In . the· steady-state one :can' aaaU11e that VJV. equals P.JP., and 

rts.U is ~ JIIIX.iaua expected value for r when C./C.. equal• H, such 

that .. ... : 

rts.U • H (F .JF.) ·• 104 H (3) 

AlO 
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This indicates that in th• steady-stat.., a■ water is uaed within 

the typical home and air infiltrates through it, for a chemical 

with an H value as low as 10·~, rtu is unity. or about 501 

volatilization will occ::vr. ···-'1Si::nce 11.H-t:!le ·chemicals in Table 5 

have H vaiuea greater than 10·•, in each ··caee, assuming Henry's 

lay equilibrium is attained, one would expect substantial 

vol~tiliz~tion to occur in the home froa normal uses of 

contaminated water as it is 9JT"l■ed 'to t:he indoor air. 

The B constant will increase with temperature. Munz and 

Roberts (20] shoved that for several volatile organic chemicals 

the temperature effect ia given by· 

log H • A' - B'/T 

where A' and B' are constants for each chemical, and Tis 

absolute temperature. For chloroform. the measured A' and B' 

va·lues were found to be · 4.990 And 17.29, .respectively; and for 

carbon tetrachloride,. S·.•s~"...- --1.::;:K , 1 z &LJectively, the. 

measurements being taken 'over the range ot '1.0 to 30 °C. For 
... •· . 

(4) 

example,, using this equation for chlorofora, the H values are 

o.076 and O.lt at 10 °c and 30 °c, respectively, The comparable 

values for carbon tetrachloride are ~.606 and 1.52. Thus the 

m-.xiJDWI. extent ot volatilizatirm. tbat ~ o.ccur -will increase 

markedly vith t:ampe,:atm.. 

Aa diSC11ssed by M~ckay and Yeun 121), the rat~ of 

volatili~atlon of .a c:h~mical fram vatar•i• dependent on its 

molecular-diffusivity properties. Often .a two-resistance model 

All 



is used. to describe the process in wbich tbe vo!.ati'li:zing 

chemical has to first 4irfuae across a liqui~ film at the air 

water interface, followed .by .ditfu,si'Oft acroaa tba air film. 

Mackay and Yeun measured vol..aJ:ilizat.Lon rates in a wind wave tank 

for 11 organic c9mpounds with varying Henry'• laa- constants. 

They confirmed the validity of the tam-reai.stanoa aodel, and 

showed the effects of solute diffuslvity and temperature. The 

chemicals studied included aevera1 laa.oqenatea VOC'a, including 

.i 
l 
I 

l 
l 

chlorobenzene, carbon tetracbl.or.h:le, 1,2-clibroaoethane, and 1,2- J 
! 
! 

dichloropropane, as well as benzene and to.luene, 8tld several 

ketones and 'alcohols. They shoved that no interactiona occur 
when solutes voletiJ:fza silmltaneoualy, and -concluded that the 

mass-transfer rate was predominantly liquid-phase resistant for 

many ot these chemicals. 

The two-resistance model expressing the aasa ~lux, Fa 

(mol/m1s), can be written•• 

i 
J 
.! 
~ 
•' 

•! 

F. • K(C., - C.JH) ~ · (S) ; 

where K is the overall, two-resistance maaa-trander coefficient 
.. ~ 

{Jllfs), c. ia the solute concentration in air (aol~) and c., that ·j 
'i 

in water. The overall mass transfer is a product of the flux and "l 
·'!: 

' ~ 
the surface area ezpoaed, so that, f~r example, small droplets in ~~ 

a shower vi th a greater surface area would be expected to have a 1 ,, 
. . .?f 

greater rate of volatilization per unit ti•• than would .the same ~ 

mass ot· large~ droplets vith a lower surface area/mass rati,o. 
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Mackay and Yeun .concluded that the mass-transfer coefficient 

in either the 1iquid or gas phase was moat likely dependent on 

the Schmidt number, Sc, which is the dimensionless ratio of 

viscosity/(density x diffusivity), in the respective phase. The 

two-resistance model describes the Kin terms ot liquid and gas 

phase transfer coefficients , Kr. and Ito, respectively, such that 

1/K • 1/Kr. + 1/HKo ( 6) 

They showed that for their data Kr, was proportional to 3. 4lx10·3 

scL•o.s, while Ito was proportional to 4. 62x10·2 seo·0•
17

• The seo and 

scL values for the 12 compounds did not differ greatly, ranging 

from o. 12-1.01 for sea, and 939-1177 for sei. at 20 •c. However, 

the H values varied considerably by almost four orders of 

magnitude. Por the smallest R-value compound, 1-butanol, the Ko 

term dominated to establish the overall K, while for the high H­

value compounds like benzene and carbon tetrachloride, liquid­

film trans-fer was the dominant rate-controlling step, the 1/HKo 

term being negligible in Equation 8. The overall mass-transfer 

coefficients lle&S~ed were thus quite different at these two 

extr .. es. Por exmaple, the· ~•tio of mass-transfer coefficients 

for benzene to that of 1-butanol varied fro• 14 to 20. In 

contrast, for those com~unda where Kr, doainated, the K values 
-· did not vary JIU.Cb, as expected, since their sei. values were quite 

-similar, and R no longer played a. aignif icant role in d•termining 

K. Thus, in one series of determinations of mass-transfer 

coefficients, Mackay and Yeun measured K values of 51.1, 51.l, 
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and 45. 3 (101 II/•) , respectively, for benzene, carbon· 

tetrachloride, and 1,2-dil:>romoethane, their SCz. values being 

1021, 1062 , and 1075, respectively. 

Thia analysis indicates that one should be able to compare 

and predict the It values aaong compounds based on fundamental 

molecular propertiea and H values, to the extent that this two­

resistance model applies to the volatilization ~roa indoor water 

uses . They observed that the use of the Its. dependency on sei. •0
•
5 

predicts a 2.81 temperature increase in It per degree . 

Equation 5 for the mass-transfer or. flux at the water air­

interface predicts that when the air concentration, c., ia 

negligible, meaning a small buildup of cbeaical in the receiving 

·air, then the rate of aaaa transfer is directly proportional to 

the concentration or volatilizing ebaieal in 'th• water. This 

is of importance in that one could then extrapolate the percent 

volatilization at a high concentration in the feed water to 

predict the same fra~ional yolatilization at a low-feed 

concentration • . At the same ti.Jlla, even if the buildup in the air 
.. 

did occur, however, and ita removal were first order in 

concentration, one could still extrapolate to the lower feed 

concentration. 

There is independent evidence in laboratory studies that the 

mass- transfer coef%icient •ay be reasonably constant over several 

orders of •agni_tude .of concentration (22] . For 1, 2-

dichloroethane in the range of l g/L to 10 ug/L the coefficient 
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of variation of mass-transfer coefficient was found to be± 

6.3lt; for 1,1,1-trichloroethane it was± 5.421 over a range of 

concentration of o.os· g/L to 30 ug/L. 

In summary, the H constant will limit the maximWI 

volatilization that c•n occur in indoor water usaa. However, 

except for a fev still-water systems in the home, such as water 

' in a toilet bowl, many water uses are flowing or are of short-

term duration in which the rate of volatilization vill be 

limiting and equilibrium not reached. In those instances the 

mass-transfer coefficients become the principal controlling 

factor for the relative releases of different volatile and a8Jlli­

volatile chemicals. Even here, however, the H constant ia of 

importance in that it will influence the magnitude of the mass­

transfer coefficient, as well as the extent to which the flux for 

volatilization at the water-air interface will be reduced aa the 

air concentration builds up. 

Finally, the water-air ini;erfacial areas and temperatures of 
~-· . . 

the water uses are critical determining factors in the rate of 
.. 

mass tranafer; and certainly . the H constant.a will increase with 

temperature as well. Thus, one can expect that since the various 

indoor water uses involve. different quan~itiea and flows of 

water, residence times in the water appliances and usea, degrees 

of mixing and turbulen~e, and temperatures, the extents of 

volatilization am~ng ·the water uses, even for a given chemical, 

should vary. 

AlS 



Value• for transfer etticiencies among water uaea in a 

typical ho•• have been determined for radon by Prichard and 

Gessell [10]. A.a shown in Table 6, the transfer efficiencies 

(percent volatilization) were found to vary fro• 30 to 901 among 

the water uses, the volW1e use-weighted ••an being about SOI. 

t4horatory shower Experiments 
We have performed atudiea on volatilization of chemical• 

from laboratory and full-size shover and bath ayateaa in vbich 

chemicals have been added to the vater [3-8]. In our typical 

laboratory shover experiaent• with chlorofor11 ahovn in Figure 1 

(23], the concentration 9f the chemical in the air pumped from 

· the chamber is •easured continuously as the shover vater flows, 

and continues to be •eaaured after the che•ical injection is 

terminated, but vith the •~over a.till flowing. The peak 

concentrations ahovn in' Pigure l occur shortly attar terminating 

the injection of cheaical. In these ■tudiea ve have alao 

monitored the drainwater leaving the shower chamber for••••­

balance purpoaea. 

Por thi• ayatea the equation describing the rate of change 

of air concentration, C. (ag/L), can be expressed u [6] 

v.(dC.,ldt)' • k_(C.. - C.,IH) .. ~ r.c. (7) 

where v. (L) is the volume of the shower ~amber, C.. (ag/L) the 

concentration of the chemical in the feed water, r. (L,lain) the 

air flow rate through the chamber, and k (L/min) the ....... 
A16 



volatilization mass-transfer coefficient. When the feed 

concentration is terminated, the volatilization source term 

becomes zero and Equation 7 reduces to 

v. (dC.,/dt) • -F.c. 

the integrated. form being 

ln c. • ln Ca1ntw. - (F.IV.) t 

( .8) 

(9) 

As expressed by Equation 7, ve find that the volatilization 

source term lt(C. - C.,/H) does indeed reduce significantly with 

time as c. increases. For example, in the experiment with a 

chloroform feed of l.84 mg/L shown in Figure l, at 10, 30, and 50 

min, _the instantaneous fractional rate of volatilization, t, waa 

0.82, 0. 70, and 0.62, respectively. Thia ia consistent with our 

·experimental observation that the C.,/C. ratio for . air and water 

leaving the chamber was found to be less than the H value tor 

chloroform, but that the latter value· of about 0.15 was gradually 

approached during the sh~~~r 'experiment (23], thus gradually 

inhibiting the volatilization rate. 

We have. also found in our experiments vith both chloroform 

and trichloroethylene (TC£), that during the decay period 

(following th~ teaination ot ·the chemical in the shower feed) 

significant quantities of the volatilized chemical in the shower 

chamber air rediaaolvea· in . the flowing water, aa measured in the 
. ' ... ·' 

drainwater • . Thus, Equations a and 9 are not quite accurate, 

since there is this additional decay route. 

I _, 
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As ahovn in Figure l for chloroform, as expected the air 

concentration due to volatilization increases with temperature 

and concentration of the feed water in the shower experiments. 

Also as expected, we have found that increased air flov reduces 

the concentration of volatilized chemical in the ch&Jlber air and 

at the ·same time increases the rate of volatilization, since the 

rate of approach to Henry'• lav equilibriWl ia reduced. Rates of 

volatilization for chloroform and Tel!: ranged fro• about 50 to 

901, depending on temperature and other shower conditions, with 

chloroform volatilization typically lover than that tor Ta. 

Modeling shower and Whole House Exposures 
One can estimate the shower a~d whole house exposures by the 

use of simple, one-compartment modeling. For example, 

integrating Equation 7 and assuming that CJH is negligible 

compared to C.., one obtains an expression for the change inc. 

with time in a chamber 

(10) 

The aaauaption that CJR is negligible implies that the rate of 

volatilization in the shower is constant. In that case it can be 

shown that k equal• tr., where tis the fraction of chemical that 
. . . 

volatilizes from the feedwater whose flow rate ia F. (V/t). 

Although, as noted above there is a gradual decrease inf values 

with time during the· shower experiments, this vill not 

substantially affect the estimated average values of c. that will 
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be used to calculate exposures . Using Equation 10 one can 

calculate the maximum air concentration that will be achieved in 

a one-compartment shower or bath. For small values of (P.fV.)t 

(the magni tude of which will be considered below) , Equation 10 

reduces to a simple linear fora 

C1 • ktC..,V1 (ll) 

Thus, after a given shower period, t,-thia i• also the maximum 

concentration, C.w.r , 

c~ a ktc_.,v. (12) 

Also, the average concentration, CM10, would be CeN&Zl2 since c. 
increases linearly with tille 

c~..., • ktCJ2V 1 ( 13) 

For the purpose of estimating possible shower exposures, it 

will be assumed that the concentrations during the shower period 

itself, as well as subsequently while a person remains in the 

bathroom, will be the same in the shower and bathroom. In fact, 

our measurements in a full-size-shower show that there ia indeed 

a difference between 'tlie two, and that the system should be more 

appropriately treated aa a two-compartment system [24]. For 

precise modeling of the exposures, this difference should be 

considered, but as an approximation it will be neglected here. 

Subsequent to the showering period there will be a decay of 

the air concentrations in the bathroom due to normal exchange of 

air. During this period the person in the bathrooia will continue 

to be exposed to the volatilized chemicals in the air. The decay . 

Al9 
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of c. is represented by 

ln {C./CIINAX) • - (FJV.)t 

For small values of (FJV.)t this equation linearizes to 

c. • C.w: [l - (FJV.)t] 

The average concentration during this period, Ca,.,o, is 

CaAw • '(Ca + C-,u)/2 

Combining Equations 15 and 16, one obtains 

CaAw • CatN [l - Fat/(2V.)] 

(14) 

(15) 

(16) 

(17) 

In many cases, the F.t/(2V.) tera in Equation 17 ia likely to be 

substantially smaller than unity, so that aa an approxillation 

during the decay period one can assuae that c_.10 • cll'IIX, at least 

for the purposes of estimating the magnitude ot inhalation 

.exposures . 

One can use these equation• to estimate the C_.10 v~lues for 

various shower-water flow and bathroom characteristics. In an 

Australian survey of water uses, dist.ributiona ot average shower­

water flow rates and duration· ·were reported tor about 2,500 

households [25] •. The geometric mean for the shover flow rates, 

P., was about 8 1,/ain (a.bou~ 500 L/h), and about 6 ain for the 

shower duration, which will be spe~ified as~, and typically 

taken aa 0.1 h. Th••• valuea will be utilized here to eatiaate 

c. values uaing the above equations. In a atudy of aodern houses 

in one heating season the g~ometric Dun for a:Lr exchange rates 

was reported to be ·0·: s3 h-1 (13] . This value will be used for 

the bathroom, along with a value for ita size, v., of 10,000 L. 
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Thus, the r. for the i:>athroom vill be 0.53V., or about 5,000 L/h. 

Thus, tor a shover period of 0.1 h, or a decay period of 0.2 h, 

vith (F.,/V.)t values of o.053 and 0.115, respectively, the 

approximation of 11nam:1z1.ng Equations 10 and 14 involves errors 

of less than one percent. 

The above equations and data can be utiliz,ed to estimate the 

average air concentrations to which people are exposed in 

bathroom.s during and ...rter· &hovering. As discussed earlier, the 

fractional volatilizlltion rate in our shover experiments has been 

found to range from 0 ."5to 0.9, depending on the- specific 

chemical, water temperature, and other factors. For-the purposes 

of estimating a typical value, ve vill use an f value of 0.75. 

Using Equation 12 and the fact that k equals fP. yields 

(18) 

one can use typical v.al.uea tor the variables indicated above to 

obtain 

ctNII • C.(0.75} (500) (O.l)/104 - ·.J.75xl0-J C. (19) 
•. . . ~ 

The va.~ue for c_.10 would be one-half this, or 1. 9x10·1 c_. It is 

interesting to note that ~ichard and Gesell [10] predicted that 

for a five-minute showa"r' using 75 L of water and vith 651 

volatilization in a 30..,000 L room, the average radon air 

concentration would be l..~x10·> c_. Similarly, McCone [9] modeled 

several lov molecular-:veight organics volatilizing with mult.iple 
.. .. : .. 

family use· of a bathroom in the early morning hours and 

calculated typical bathro0J11 air concentrations of sx10·1 c_. 
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such predicted air concentrations will be highly dependent 

on a variety ot factors, including the nature of the volatilizing 

chemical, geometry and air exchange between the shower and 

surrounding room, water temper•tame. and water flov rate. 

Nevertheless, these can be assessed to deter11ine the likely range 

of bathroom air concentrations that can be expected in homes . 

It i• also of interest to estillate the inhalation exposures 

in the shower and ba:t:trroaa. "and :campare thea to the likely 

ingestion exposures. Inhalation exposure, E1 (mg), can be 

defined as the product o~ c., the breathing rate, B (L/h), 

typically 1,000 I,/h- fer an 1ldult* and the exposure ti.lie, t . 

(20) 

' As an example, one can -use this equation to estimate the 

l 

I 

l 

I 
I 
I 
I 
I 

exposures during a O .1 h showering -time, using the valu.e of c.,.'° I 
above of 1.9x10·3 c;.. Also as noted above, during a 0.2 h period 

subsequent to the ctmrr,,,,tlle- :':tr4r..vill not be significant, so 

that the c.,.10 during this peri~ can be taken to be Cw&, namely 
. .,, 

3 . 75x1O· c.,. Thu.a, one can calculate the E1 for the combined 0.1 

h shover and 0.2 b subaequ.ut period in the bathroom as the sum 

of two ten.a using ~tion--.-24-y .-t.,o 9ive 

.... . . (21) 

Inserting the appropr.iata valuuJ one obtains 

B1 • l.87Sx10·1 C.(101>~) (0.1) + 3. 75x10•s C.(1000) (0.2) (22) 

Thus, E1 bas the value 0.94C.,, where the units ot c_ are mass/L. 
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This is the ~inhalation exposure in the bathroom during the shower 

and subsequent to it while the bather remains in the bathroom, 

and is approximately equivalent to the exposµre that would occur 

from ingesting one litwr,::rt-ttna· watet. · Kowaver, several 

occupants of a b.OJDe may take a shower-during a period when the 

volatile .chemical air concentration in a bathroom has not decayed 

and builds up to levels higher than one would predict for a 

single bather. In that iftStlfflC'e, ·"th• ,xpoaurea could be 

substantially higher than would be _preclictad by the above 

relationship. 

Similarly. we MYe used --e eiliple predi.ctive equation, 

based on a one-compartment indoor-air model, to describe the 
· range of average indoor-air concentration• that are likely to be 

encountered from a chemical 'VDl.atilizi.DJ at An average rate of 
--

501 from all water uaea, aa diacuaaed. -Above to be a typical value 

for radon. The rela'\.lomsb:ip-.. 1ta♦e ubtained for the expected 
. . 

range of indoor-air concentrations ia [7] 
-·· 

c. • (O. l to S)x10·~ C., (23) 

where c. ia the average indoor-air concentration (mg/L), 

generated by the corresponding average -water. concentration, C. 

(mg/L) • Thua, for · exa:aaplte, --& uet:er euaac-tration of 1 mg/L . . ~ 

would be ·expected to ,generate betv811D 1X1.0·1 to sx10·4 mg/L 

avera.qe air concentrsti~ in the baaa. Thia, of course, does not 

addresa the .the and ~ca variations that will be encountered 

throughout the day in the home. It is interesting to note that 
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Nazaroff et al. [13] have similarly made estimates of the likely 

indoor-air concentrations of radon tor U.S. homes by the water 

volatilization route. The qeoaetric aean in their factor 

applicable to Equation 23 · 1• 0.65xl0-4
, within our range ot 

predicted values. Alao, their range of one standard deviation 

around the mean corresponds to the following equation 

c. • (0.23 to 1.87)x10·4 C. (24) 

also within ogr predicted range. MeKone [9] baa similarly 

estimated household air concentration for several volatilizing 

chemicals, predicting an average c. ranging fro• 2x10-s to 1.2~10·4 

mg/L in air for a C., of l ag/L in water, also vi thin the range of 

that predicted by Equation 23. 

One can use these air concentration prediction• to estimate 

the likely inhalation exposures, E1 , tor an adult during a 24-

hour residence period in a house. combining Equations 20 and 23 

one obtains 

(25) £ 1 • (O. l to 5) (10-4
) (1~00) (24·) c_ • (0.2 to 10) C., 

~­
Since the C. unit• ·here are mass/L, al ag/L water concentration 

correspond• to a range of inhalation exposures of 0.2 to 10 mg 

per day, in c011parison to 2 mg per day for the ingestion of 2 

liters of that vater. ,It should be noted that these inhalation 

exposur• eati1U.tea do not include those that would occur at the 

point of water uaa, such•• during. •hovering. As diacuaaed 

abova, tJle latter exposures can be comparable to those from 

direC't ingestion. 
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There is a remarkable consistency in the above range of 

likely predicted average indoor-air concentrations from the 

totality of indoor water sources. Nevertheless, there are a 

number of factors to~ conaidered in refining these estiaatea 

and developing a useful and simple predictive relationship that 

can be applied by those responsible for exposure aaaesamenta in 

specific aituationa. They can be categorized as follows: 

a) chemical characteristics that affect the rate and extent 

of volatilization, including soap and detergent use 

b) water use factors that affect the •source strength• and 

ita ti.Ile and location variability 

c) chemical characteristics that influence the behavior and 

interactions of the volatilized cheaicala with •sinks•, 

typically high surface area material• in the home; also the 

specific nature, amounts, and locations of these sinks 

d) house structure and indoor-air flow regimes that 

transport the vo_la,tilized cheaicala throughout the home 

e) _personal behaYior and hoae occupancy factors that 

deter11ine an individual•·• exposure. 

The simple indoor-air models mentioned above generally are not 
; 

sufficient;iy ap.citic to address all the ·above factors, although 

they can and have baa evaluated for some indoor-air pollution 

sources other tban those from water [26] • 
. ~ ... : 

Tbe potential interactions between surfaces in homes and 

organic vapors released from water into indoor air have not been 
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studied and need to be evaluated. For some chemicals it aay be 

appropriate to incorporate these interactions into the 

volatilization, indoor-air exposure model. One study of the 

interaction of volatile organic chemicals with materials used in 

the home examined three aurfacea [27]: plywood, nylon carpeting, · 

and wool carpeting. The study focused on twenty volatile organic 

chemical■, including alkanea, aro .. tica, alcohol■, eaters, 

ketonea, aldebydes, terpenea, and chlorinated hydrocarbons. They 

showed clear interactions between the gaseous organic cheaicals 

and the surfaces. For example, in one experiaent wool carpeting 

became essentially saturated with lindane within about one day. 

In order to determine the role of auch "sink" interactions 

there are three broad questions that need to be addressed: 

1) Which classes of organic/surface systems demonstrate 

significant sorption effects? 

2) What are the appropriate equilibrium and kinetic models 

for the aorption process for the organic/surface systems of 

interest? . . . 

3) Hov can this equilibriUll and kinetic information be 

incorporated into a ·vater-volatilization, indoor-air quality 

model? 

SPmm,rx and concluslons 
VOC'a have the potential for cauaing substantial human .. 

~ . .. 

exposures from indoor uses of contaminated water by non-ingestion 
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routes, naJ1ely inhalation followi ng volatilizatlon fro• water, as 

well as by akin contact . The latter exposures have been 

esti mated to be comparable to those from direct ingestion of 

water, although published research in thia area is scanty. 

Measurements in homes have shown that VOC'• can be detected 

in indoor air following the use of contaainated water. Scaled­

down and full-size laboratory bath and shover studies for such 

VOC's as chloroform and trichloroethylene have shown that a 

variety of factors can affect the extent of volatilization, found 

to be typically in the range of 50 to 901. These include the 

nature ot the volatilizing chemical, water temperature, air and 

water flow rates, and nature of the water uae (e . g . , bath versus 

shower) . 

The Henry's law equilibrium constants, H, predict that even 

chemicals with low vapor pressures may be expected to volatilize 

substantially, provided -their water solubilities are also low • 
. . 

Thus, so-called semi-volatile organic chemicals have the 

potent18:l to volatilize and cause inhalation exposures . Also, 

chemieals with varying H values may nevertheless volatilize at 

comparable rates. 

Model~ng and eatiaates of inhalation exposures to VOC's 

indicate that for the bather these exposures during and directly 
I 

after a shover can be comparable to that frOll direct ingestion of 
~ . "' : 

the contaminated water. Also, when all water uses are 

considered, the inhalation exposures to all inhabitants of a home 
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may be sub■tantially larger than that from direct ingestion, even 

without considering the inhalation exposures at the point of 

water use. However, additional research ia required to more 

specifically and precisely quantify these exposures to encompass 

the full range of home characteriatica, ••well•• personal water . 

uses and occupancy factors. 

Becauae the non-ingestion exposure• to VOC'a in indoor water 

usea are likely to be comparable to or greater than those trOJI 

direct ingestion, it would be prudent to consider thia in 

establishing regulatory limits in drinking water, as vell aa the 

need to re■trict all indoor water usea vhen it i■ judged that 

there is a significant health risk fro• the direct ingestion of a 

contaminated water. 
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Appendix B: Assumptions and Uncertainties 

• Equation (4) does not account for the concentration of the chemical in the air 
remaining from previous showers taken by other members of the family. 

• The use of Equation (4) also assumes that (FJV)t, where F. is the air Oow rate, is 
small compared to unity, which implies that the relationship between concentration 
in air and time is linear. 

• Equation· ( 4) also assumes that CJH during the course of the shower is small 
compared to C.,; which implies that the volatilization rate in the shower is constant. 

• The use of F.quation (6) assumes that tF/J,V. is small compared to unity so that the 
concentration during the decay period after the shower, C&AVE2t can be approximated 
by CMAX. 

• The exchange between the air in the shower chamber and that in the bathroom is so 
rapid that the combined volume of these two compartments can be treated as a single 
chamber with a single concentration of volatilized chemical. 

• Equation (4) does not account for the exchange rate that occurs when an exhaust fan 
is turned on. Modeling results using the Model for Analysis of Volatiles and 
Residential Indoor-air Quality (MA VRIQ) indicate that exposure is reduced by 20 % 
if exhaust fan is used. 

• The range of volatilization fraction in Table 1 is based on experiments conducted with 
trichloroethylene, chloroform and dibromochloropropane. The relationship between 
these volatilization rates, Henryts Law Constant and molecular weight is not kn0\\11 

yet. Summarized below are the experimental results for these three chemicals under 
approximately the same conditions. . . 

Chemical 't £°Cl H (unitless) % Volatilized 

Trichloroetbylene 46 1.14 81.8 
Chloroform 42 0.35 S6 
Dibromochlorpropane 42 0.03 22.8 

• Equation ..(8) treats the whole tiouse as one compartment model. 
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