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Executive Summary 

This report details several Pacific Northwest National Laboratory (PNNL) efforts related to approaches 
for establishing alternatives to traditional acute Occupational Exposure Limits (OEL) for chemicals 
without existing values and for evaluating exposures to mixtures of Chemicals of Potential Concern 
(COPC). 

Two approaches for assessing hazards associated with exposures to mixtures of COPCs are presented:  
1) the Chemical Mixture Methodology (CMM) and 2) an experimental method for directly assessing the 
effects of mixtures on respiratory tissues. The CMM and the CMM Excel Workbook tool, and 
modifications made to both for evaluating the potential for cumulative effects of mixtures of compounds 
at the Hanford Tank Farm (HTF), are reported in detail. 

The CMM and CMM Excel Workbook tool can be used to evaluate the potential for additive effects of 
mixtures of COPCs on HTF workers. These tools enable rapid and efficient evaluation of mixtures using 
a combination of measured exposures, Health Code Numbers (HCN), and HTFOELs, thus complementing 
conventional approaches used for evaluating the hazards of individual compounds. The CMM tool 
addresses a critical need for mixtures hazard assessment identified by the Tank Farm Vapors Assessment 
Team. Importantly, CMM is a default method, recommended by the U.S. Department of Energy, and is 
recognized by key regulatory agencies such as the U.S. Environmental Protection Agency, thus 
supporting its adoption here. 

Several exposure scenarios were used as test applications to demonstrate the utility of the CMM tool and 
the CMM Excel Workbook tool. Two scenarios evaluated potential levels of hazard for a mixture of up to 
36 chemicals whose concentrations were quantified at the outflow of a respirator cartridge. In one case, 
only chemicals with values above the detection limit were considered. In the other case, compounds with 
values below the detection limit also were considered, assuming that they were present at a fraction of the 
detection limit. Two other scenarios evaluated the results of personal sampling surveys conducted in a 
tank farm and in a non-tank farm environment. In all four cases, the cumulative hazard indices were 
below unity (a value of 1), which represents a finding of no evidence of significant potential for adverse 
health effects in workers from such exposures. In addition, the CMM tool enables rapid determination of 
the contribution of each chemical to overall hazard, as well as a specific analysis of individual target 
organs, allowing for prioritization of exposure or effects, monitoring, or mitigation, as appropriate. 

The value of the CMM approach is influenced by the completeness of HCN assignments for the COPCs. 
In FY 2017, HCNs were reviewed for more than half of the HTFCOPCs, and HCNs were updated for  
36 COPCs. In FY 2019, 41 chemicals including mainly COPCs and several non-COPCs were identified 
by the Washington River Protection Solutions Industrial Hygiene team as high priority for HCN 
development and updating. PNNL subsequently developed and updated the HCNs for those 41 
compounds. Completing the assignment of HCNs to these COPCs improves the completeness and utility 
of the CMM Excel Workbook tool. Additionally, as a result of discussions and guidance from the 
Washington River Protection Solutions Industrial Hygiene team, the CMM was integrated into a 
Tableau®1 platform for improved categorization of target-organ or end-point toxicity risk analysis of 
vapor mixtures observed in large personal sampling data sets from selected tank farms. Revision of the 
CMM to separately address hazards from dermal and inhalation exposure as well as shift from hazard-
driven approach to a risk-informed approach for carcinogens exposure is important for better risk analysis 
of potential chronic effects. 

                                                      
1 Tableau is a data-analysis and visualization software platform and is a registered trademark of Tableau Software, 
Inc., Seattle, Washington.  
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Chemicals in mixtures can interact through one or more general mechanisms (e.g. additive, synergistic, 
antagonistic and others), thereby increasing or decreasing toxicity of components relative to that expected 
for any chemical acting in isolation. In Section 3 and Appendix G we describe an attractive approach to 
directly quantify the hazard potential of tank vapors. The direct evaluation of the potential for respiratory 
toxicity of complete mixtures would support the Industrial Hygiene program by providing an immediate 
basis for assessing hazards associated with mixtures on the HTF, which in turn, provides a 
complementary approach to assess the accurateness of computational approaches that predict mixtures 
toxicity. A direct assessment of tank vapor toxicity resulting from the aggregate chemical exposure 
replaces the more traditional toxicology approach of identifying each component of a mixture and 
studying their toxicity as individual compounds and as synthetic mixtures, which is both time consuming 
and costly. Where the CMM Workbook tool quickly and efficiently estimates the hazards of the subset of 
chemicals measured in HTF vapors if OELs are available, the experimental approach proposed here 
completes the mixtures hazard assessment by directly measuring the full potential of the vapors to cause 
respiratory toxicity. 

To support establishment of alternatives to traditional acute OELs for COPCs that have no values 
established by regulatory or other authoritative bodies, Pacific Northwest National Laboratory has 
proposed a methodology for deriving Transient Effect Concentrations (TEC). The TEC term describes  
an exposure concentration for which short-term discomfort, irritation, or other temporary effect may be 
experienced by the exposed individual without long-term, irreversible impacts. The TEC term was 
proposed to meet the need to summarize existing exposure-effect information for a compound to  
1) understand the state of the science and adequacy of existing data for the compounds, 2) catalog the 
types of effects, and 3) document levels of exposure likely to be without these effects for purposes of risk 
communication, not regulation. Preliminary reviews of toxicity databases are underway to identify HTF 
COPCs with toxicity data sufficient to derive TECs. 
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1.0 Introduction 

Workers in and outside of Hanford Tank Farms (HTF) have reported possible exposures to chemical 
vapors and received medical evaluation after the events. While most workers experienced short-term 
effects and returned to work, concern remains regarding the potential for more severe short- or long-term 
health effects. In 2014, a Tank Vapor Assessment Team (TVAT) was established by the Tank Operations 
Contractor at Hanford, Washington River Protection Solutions, to support the Industrial Hygiene (IH) 
Program and develop recommendations for approaches that could reduce health risks that may be 
associated with chemicals present in tank vapors (Wilmarth et al. 2014). The TVAT was led by Savannah 
River National Laboratory and included a panel of nationally recognized experts in the fields of 
occupational and environmental health, environmental engineering and science, toxicology, health 
physics, and IH. 

The information reviewed by the TVAT supported their conclusion that the concentrations of chemicals 
reported as time-weighted averages were below the range expected to cause the health-related symptoms 
reported by workers. Several explanations for the reporting of effects at concentrations below critical 
levels were considered by the committee. The TVAT concluded that the most likely scenario was that 
exposure characterization methods (e.g., use of 8-hr. time-weighted average) did not adequately represent 
the potential for higher concentrations that might be occurring over short durations. These short-term 
concentrations might be sufficient to cause respiratory effects of the kind reported by workers. The TVAT 
developed a hypothesis that vapors coming out of tanks in high concentration plumes (bolus) sporadically 
intersected with the breathing zones of workers, resulting in brief but intense exposures to some workers. 

A large number of volatile compounds have been identified in the headspaces of single- and double-
shelled tanks used to store mixed chemicals and radioactive waste at the U.S. Department of Energy 
(DOE) Hanford Site. Concern for potential exposure of workers to vapors during HTF operations has 
prompted efforts to evaluate the potential health risk associated with exposure to these chemicals. The 
TVAT recommended improving the basis for understanding the potential for health impacts from both 
chronic and short-term or acute exposures. Short-term exposure limits and longer-term Occupational 
Exposure Limits (OELs) have been established for many of the Chemicals of Potential Concern (COPC) 
where existing OELs from authoritative bodies were available. For some compounds, OELs for acute 
exposure were not available. Having an approved approach for deriving acute OELs or similar values 
would enable a more complete assessment of the potential for acute effects of exposure to HTF COPCs. 

Chemical exposure guidelines such as OELs are developed for individual chemicals and are typically 
applied to single chemical exposure scenarios. This is an important distinction because exposure to tank 
vapor chemicals does not occur as single chemicals, but rather as complex mixtures of chemicals that can 
differ in both chemical class and mode-of-action (i.e., how they cause toxicity). Chemicals in mixtures 
can interact to produce additive, synergistic, or antagonistic effects, increasing or decreasing the impacts 
of individual chemicals in the mixture on target organ toxicity. This is significant because some COPCs 
have known chemical mixture interactions. Other improvements of the CMM for better vapor mixture 
risk analysis include: 

1. Revision of the CMM to separately address hazards from dermal and inhalation exposure and shift 
from a hazard-driven approach to a risk-informed approach for carcinogens exposure, which is 
important for better risk analysis of potential chronic effects. 

2. Integration of the CMM with an analysis and visualization tool with access to tank vapor data to 
provide a convenient tool for rapid screening of mixture exposure risks. 
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This report describes efforts to address three issues related to chronic or acute exposures to COPCs and 
COPC mixtures at or near the HTF. In Section 2 and Appendices A through C, we describe the use of an 
exposure and toxicity database method for implementing CMM as a rapid first-pass effort to understand 
the potential for additive effects of worker exposures to chemical mixtures at Hanford. In addition to 
being rapid, this approach can be tailored to estimate the hazard of chemical mixtures whose 
compositions reflect the actual source (e.g., headspace or stack) or area (e.g., worker breathing zone) 
concentrations. The rationale for applying the additive model was advocated by U.S. Environmental 
Protection Agendy (EPA) guidelines that state, “… [W]hen little or no quantitative information is 
available on the potential interaction among the components, additive models are recommended for 
systemic toxicants”….Additive models often predict reasonably well the toxicities of mixtures composed 
of a substantial variety of both similar and dissimilar compounds.…Different substances should be 
considered additive where the health effect and target organ or system are the same” (EPA 1986). 
Because of the lack of significant fundamental research in synergistic, antagonistic, or other effects in 
current toxicology studies, the CMM primarily uses the additive model for pragmatic mixture analysis. 
When synergistic or antagonistic effects are central, the traditional toxicological approach (e.g., the 
animal model) to assessing the toxic potential of chemical mixtures requires experiments and analyses 
that can be time consuming and beyond the current scope of work. Needless to say, efforts to streamline 
the testing strategy are desirable. Computational approaches now are being recognized as alternatives for 
identifying risk, assessing the exposure, and managing risk (Kar 2019). 

Multiple efforts were made to develop and advance IH assessment tools for evaluating complex mixture 
exposures at Hanford. First, Health Code Numbers (HCN) describing chronic and acute adverse health 
effects were reviewed and developed for high-priority compounds identified by the IH team. A new 
CMM Excel Workbook dedicated to chronic effect evaluation was prepared and shared for IH testing. 
Second, new carcinogenic HCNs were added to address the potential for chronic exposure health effects. : 
In addition, the grouping of carcinogenic effects was revised to better delineate carcinogenic from non-
carcinogenic effects.  Third, test cases were selected to cover conditions that were most relevant  
to worker concerns using the CMM. Fourth, a brief guidance document was prepared to assist the IH 
communications. Finally, the CMM was integrated with the Tableau platform for efficient risk analysis of 
large personal sampling data sets from the tank farms. 

In Section 3.2, and Appendix D, we address the need to use existing toxicity data to derive acute exposure 
guidelines for compounds without existing acute OELs. An approach is proposed to develop alternatives 
to the traditional OEL, referred to in this report as Transient Effect Concentrations (TEC). The TEC term 
defines an exposure concentration where short-term discomfort, irritation, or other temporary effect may 
be experienced by the exposed individual without long-term, irreversible impacts. The TEC term was 
proposed for use where the objective was to summarize existing exposure-effect information for a 
compound to 1) understand the state of the science and adequacy of existing data for the compounds,  
2) catalog the types of effects, and 3) document levels of exposure likely to be without these effects for 
purposes of risk communication, not regulation. 

In Section 3.3 and Appendix G, we describe an attractive approach to directly quantify the hazard 
potential of tank vapors. Direct evaluation of the potential for respiratory toxicity of complete mixtures 
would support the IH program by providing an immediate basis for establishing OELs for mixtures and 
assessing hazards associated with chemical mixtures at HTFs. This approach is attractive because it 
replaces the more traditional toxicology approach of identifying each component of a mixture and 
studying their toxicity as individual compounds and as synthetic mixtures, which is both time consuming 
and costly. Where the CMM Workbook tool quickly and efficiently estimates the hazards of the subset of 
chemicals measured in HTF vapors (if OELs are available), the proposed experimental approach 
completes the mixtures hazard assessment by directly measuring the full potential of the vapors to cause 
respiratory toxicity. Experimental assessment also will provide a quantitative metric for the accuracy of 
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CMM predictions to support the broader application of CMM to rapidly assess tank vapor hazards under 
all conditions encountered at the Hanford Site, an application that would be challenging to accomplish 
experimentally. 
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2.0 Chemical Mixtures Methodology Model 

2.1 Background 

Results from monitoring of vapors from storage tanks at HTF indicate that source emissions are 
principally mixtures of COPCs. Evaluating the potential for exposures at concentrations that exceed OELs 
and cause adverse health effects involves assessing the contribution of each COPC alone and the 
cumulative effect of all COPCs in a mixture. In mixtures, the effects of individual chemicals can 
combine. The total effect can be the sum of the individual effects (additivity), less than the sum of the 
individual effects (antagonism), or greater than the sum of the individual effects (synergism/potentiation). 

Air concentrations of COPCs have been measured in various settings at the HTF; for example, in various 
headspace, source and area locations and after passing through respirator cartridges in cartridge 
performance testing. These concentrations, established as part of the exposure monitoring program, can 
be related to plausible exposure scenarios for HTF workers. While it has been common practice to 
evaluate the potential for health impacts from individual chemicals in COPC mixtures, the potential for 
impacts from cumulative exposure to all chemicals identified in the mixture has not been evaluated. The 
absence of a methodology and supporting tools for conducting the complex summation of hazard level for 
mixtures has been the obstacle to assessing the cumulative hazard of exposure to COPC mixtures at 
HTFs. 

The most common method for assessing the potential for health effects for mixtures involves the 
calculation of a hazard quotient (HQi)2 for each chemical (i) in the mixture, and then summing the HQi 

values for each chemical to provide a metric termed the mixture hazard index (HI) (EPA 1986a, 
Choudhury 2000, ACGIH 2005). In prior technical reports, the HQ term was referred to as HIi, where (i) 
is related to the individual chemicals. The HIi terminology will be used throughout the remainder of this 
document. This method, referred to as the CMM, was implemented in a tool developed by the DOE 
Subcommittee on Consequence Assessment and Protective Action with contributions from the Pacific 
Northwest National Laboratory (PNNL). The CMM is the default methodology used to assess the toxicity 
of chemical mixtures released into the air at DOE facilities and operations (Craig et al. 1999). The CMM 
approach is based on the EPA approach used to analyze additive, but not synergistic or antagonistic, 
health effects of chemical mixtures (Craig et al. 1999, Yu et al. 2010). This report details the adaptation 
and application of the CMM for evaluating the potential cumulative hazard from exposure to mixtures of 
COPCs at HTFs. Recommendations on next steps to improve the evaluation are summarized in Sections 
2.5, 3.2, and 3.3. 

2.2 Approach and Methods 

 The CMM Approach 

The foundation of the CMM is the assumption that for a given hazard effect (e.g., liver toxicity), the total 
hazard to an organ from more than one chemical that effect the same target organ can be represented as 
the sum of the hazards posed by each compound for that organ (i.e., additivity). Health Code Numbers 
(e.g., medical diagnostic codes) are used to summarize the target organs that have been adversely affected 
by a specified chemical (Petrocchi et al. 2013). HCNs can therefore be used to group chemicals according 
to the target organs they potentially impact (Craig et al. 1999; Yu et al. 2010, 2013). The CMM approach 
                                                      
2 In the CMM, HQi for an individual chemical (i) also is referred to as the hazard index of a chemical (HIi) (Craig et 
al. 1999, Yu et al. 2010). 
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first identifies hazards posed by each chemical by assignment of a HCN, and then groups the chemicals 
that affect the same or similar target organ. The Specific Target Organ Effect (STOE) categorization is 
the HCN-based grouping technique that was applied to evaluate the additive chronic health effect of 
COPC mixtures at a specific target organ (Yu et al. 2016). It is important to recognize that cancer-related 
health effects should be treated separately and are not considered further here. 

Once HCNs are assigned, the cumulative HI of a mixture can be calculated by summing the HIis of the 
individual chemicals in the mixture that can act on the same target organ. Collectively, the mixture HI 
provides a metric of how close the actual exposure levels of the combined chemical mixtures are to a 
reference concentration of concern, such as an OEL. The HI approach established by the EPA and used 
by other regulatory agencies (ATSDR 2004, EPA 1986) was adopted with some refinement as the CMM 
approach for the DOE to provide a default methodology for assessing adverse health effects due to 
atmospheric release of chemical mixtures of hazardous chemicals (Craig et al. 1999; Yu et al. 2010, 
2013). The CMM is implemented as a Microsoft Excel® Workbook tool adapted to DOE-specific needs. 

Calculation of a HIi for each chemical is the foundation of the CMM, which is used to assess the potential 
additive health effects or the sum of the individual chemical HIis (∑HIi). The HIi for each chemical is 
defined as: 

       𝐻𝐻𝐼𝐼𝑖𝑖 = 𝐶𝐶𝑖𝑖/𝐿𝐿𝑖𝑖     (Eq. 1) 

where Ci is the concentration of the chemical at a designated receptor of interest (e.g., a worker) and Li is 
an acceptable exposure level (AEL) which are frequently selected from values available from 
authoritative regulatory bodies when available. AELs can also be independently derived using accepted 
methods by experts in IH and toxicology (EPA 2001). AELs should be carefully selected to match the 
intended application. For HTFs, chronic exposures employed chemical-specific OELs as the AEL The 
fractional value generated by calculating the HIi is then used to calculate the HI for the complex mixture 
as described in the next paragraph. 

The preferred approach for assessing the potential for more than one compound in a mixture to contribute 
to health effects is to aggregate all individual chemical HIis by endpoints of concern, such as effects on 
one organ (e.g., liver) or an organ system (e.g., cardiovascular), and then calculate a HI for the complex 
mixture: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐻𝐻𝐼𝐼(𝑝𝑝) ≡ ∑ 𝐻𝐻𝐼𝐼𝑖𝑖(𝑝𝑝)
𝑛𝑛
𝑖𝑖=1 = 𝐻𝐻𝐼𝐼1(𝑝𝑝) + 𝐻𝐻𝐼𝐼2(𝑝𝑝) +⋅⋅⋅+𝐻𝐻𝐼𝐼𝑛𝑛(𝑝𝑝)  (Eq. 2) 

The p term represents the specific target organ being investigated. Therefore, a separate mixture HI can be 
developed for each target organ or organ system. The HI is interpreted by how the sum of HIi(p) fractions 
relate to a value of 1 (unity). If the HI for the complex mixture is <1, adverse health effects over a lifetime 
of exposure to the mixture are believed to be unlikely. If the HI value is ≥1, concern related to the toxic 
potential of the mixture increases, triggering a more in-depth analysis.. 

To focus HIs in the context of organ system effects, the HIs for complex mixtures can be reported in two 
complimentary ways. First, a HI for specific target organ (e.g., liver, kidney) (i.e., STOE) are calculated 
based on the summation of the fractional HIis of all the individual chemicals with HCNs indicating they 
impact the common target organ of interest. A second category termed Target Organ System Effect 
(TOSE) calculates a HI for chemical mixtures affecting groups of organs comprising an organ system 
(e.g., cardiovascular system) in a similar fashion. There are some cases where TOSE and STOE overlap, 
reflecting overlap in HCNs assigned to the target tissues and organ systems. For completeness, both the 
STOE and TOSE approaches are provided in CMM analyses. In the examples provided in this report, the 
HI for complex mixtures is aggregated by STOE. 
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The chronic HCNs used in this report are listed in Table 1. Summation of HIs by end point reflects the 
approach proposed by the EPA and the American Conference of Governmental Industrial Hygienists 
(ACGIH) (EPA 1986a; ACGIH 2005). The use of the HI approach has also been recorded in the Federal 
Register (Choudhury 2000). The potential for non-additive effects (e.g., synergism and antagonism) 
during exposure to mixtures is not addressed by the CMM. An example of how chronic HCN 
designations are made is provided in Appendix C 

Table 1. Chronic HCN Definitions 
HCN HCN Name/Descriptions 

1.00 Occupational Safety and Health Administration (OSHA) carcinogen 
(29 CFR 1910.1000)—chronic effects 

1.01 Bladder carcinogen—chronic effects 
1.02 Liver carcinogen—chronic effects 
2.00 Suspect carcinogen or mutagen—chronic effects 
2.01 Suspected kidney carcinogen—chronic effect 
2.02 Suspected liver carcinogen—chronic effects 
3.00 Systemic toxicant—chronic effects 
3.01 Bladder—chronic effects 
3.02 Hematological effects—unspecified chronic effects 
3.03 Bone—chronic effects 
3.04 Bone marrow—chronic blood-forming system effects 
3.05 CNS—chronic brain effects 
3.06 Eye—chronic ocular effects 
3.07 Gastrointestinal tract—chronic effects 
3.08 Cardiovascular system—chronic effects 
3.09 Kidney—chronic effects 
3.10 Liver—chronic effects 
3.11 Skin dermatitis and sensitization—chronic effects 
3.12 Skin effects other than dermatitis and sensitization—chronic effects 
5.10 Reproductive toxicant—chronic effects 
7.10 Nervous system toxicant—unspecified chronic effects 

7.11* CNS—unspecified chronic effects 
9.00 Respiratory sensitizer—chronic effects 

10.00 Respiratory toxicant—chronic effects 
12.00 Blood toxicant, anemia—chronic effects 
19.00 Generally low hazard—nuisance particles, vapors or gases 
20.00 Generally low hazard—odor 

Note: HCNs with refined definitions are presented in blue text. 

 CMM Excel Workbook Tool 

Calculation of individual chemical HIis and cumulative mixture STOE and TOSE HIs requires databases 
of exposure concentrations, evaluated HCNs, and AELs. Because Microsoft Excel and similar 
spreadsheet applications are commonly used for data storage, the CMM tool was built in an Excel-based 
workbook.3 Within the workbook, HIis for individual chemicals are calculated from repositories of 
exposure concentrations and HTFOELs were used as AELs. Mixture HIs are then assembled by STOE and 
TOSE categorization based on HCNs of each chemical in the mixture and summation of the individual 
chemical HIis using the Excel Macros. 
                                                      
3 The CMM Excel Workbook developed for DOE emergency response and planning purpose is downloadable from 
https://sp.eota.energy.gov/EM/SitePages/SCAPA-CMM.aspx. Modifications were made for the testing presented in 
this report.  
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The output of CMM results can be viewed in the spreadsheets “HIs by TOSE,” “HIs by STOE,” and a 
summary “Output” page. The “HIs by TOSE” and “HIs by STOE” spreadsheets list the detailed results 
regarding the chemical’s contribution of the HIs in each affected target system or organ. The “Output” 
spreadsheet provides a high level view of the individual chemical HIis and cumulative mixture HI on 
affected target system or organ. Appendix C shows screen shots of these spreadsheets for clarity. 

 Modifications to the DOE CMM Method and Tool 

Several modifications to the CMM Excel Workbook tool were made as it was adapted to the HTF 
application to evaluate the potential for chronic health effects. These included 1) incorporating  
current chronic HTFOEL (units of ppm in air) into the CMM data set for computing mixture HIs for long-
term occupational exposure assessment, 2) expanding the CMM tool to handle mixtures comprising up to  
36 chemicals,4 3) including only chronic HCN assignments of each COPC in the CMM data set; and  
4) seperating carcinogenic effects from specific target organ categories and grouping all the 
carcinogenicity-related HCNs into one category “Carcinogen” in the STOE calculation and the resulting 
summary spreadsheets. The revised carcinogenic grouping is shown in Table 2. These changes ensure 
only potential chronic health effects will be analyzed in this revised version. These changes are detailed in 
the following sections. 

Table 2. HCN Associations with STOE Categories 

No. STOE Category HCNs Associated with STOE 
1 Bladder 3.01, 3.00 
2 Blood 3.02, 12.00, 3.00 
3 Bone 3.03, 3.04, 3.00 
4 CNS 3.05, 7.11, 3.00 
5 Eye 3.06, 3.00 
6 Gastrointestinal Tract 3.07, 3.00 
7 Heart 3.08, 3.00 
8 Kidney 3.09, 3.00 
9 Liver 3.10, 3.00 
10 Respiratory tract 10.00, 9.00, 3.12, 19.00, 20.00, 3.00 
11 Reproductive Organs 5.10, 3.00 
12 Skin 3.11, 3.12, 3.00 
13 Unspecified Nervous System 7.10, 3.00 
14 Carcinogena 1.00, 2.00, 2.01, 1.01, 1.02, 2.02 

a Carcinogen was added as a new STOE category to assess the carcinogenic effects 
separately. 

 Refinement of HCNs and HCN Definitions 

The development of HCNs for the COPCs follows the procedure published by Petrocchi et al (2013), 
which elaborates the guidelines and rationales of HCN development including the sources of the health 
effects for HCN assignments. The procedure provides consistency in the way that HCNs are derived and 
has been used to develop HCNs for more than 2400 chemicals of concern within the DOE system. HCN 
developers have undergone significant training, and it is not possible to capture the complexity of the 

                                                      
4 The CMM tool was expanded to handle a 36-COPC mixture because this was the maximum number of existing or 
proposed COPCs quantified above or below a detection or reporting limit in the test case scenarios from respirator 
cartridge testing. Twenty-three additional COPCs were either not detected (21) or not measured (2). 
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procedure here. Full details of the HCN development process can be found in the publication by Petrocchi 
et al (2013). Here we provide a high level summary of the general steps for those not familiar with the 
detailed HCN development procedure. The HCN development procedure incorporates/updates existing 
HCNs for chemicals when available, or develops HCNs where information is non-existent. When 
compiling references for HCN assignments, reference prioritization protocols are in place to address 
conflicts, such as different descriptions of the degree of irritation (e.g., severe, moderate, mild, or none). 
Credible human data are generally preferred to animal data. When using animal data, only whole animal 
toxicity data is used. When data states specific effects (e.g., acute central nervous system [CNS] effect), 
HCNs closely matching the specific effect are used. Similarly, when references describe data in non-
specific terms (e.g., general nervous system effects), more general HCNs are used. For some of the 
chemicals (e.g., substituted furans), there was insufficient information for development of HCNs so 
surrogate chemicals were used. The surrogates used are the same as those reported previously for HTFOEL 
derivations (Poet and Timchalk 2006, Weber et al. 2017). The surrogate concept was adopted to address 
the fact that a number of chemicals present in tank vapors had insufficient toxicological information for 
OEL development. In these cases, surrogate chemicals with close structural and pharmacological activity 
with OELs established by ACGIH or OSHA were selected to provide a surrogate-based OEL value for 
chemicals that lacked robust toxicity data. Using a surrogate chemical with a well-characterized toxicity 
database ensured it had a clear dose-response relationship and a clearly defined no-observed-effect level 
to use as a point of departure for establishing a HTFOEL. Substantially more uncertainty was assigned 
when using surrogates that lacked robust toxicity data. A written assessment of the overall strengths and 
weaknesses of the surrogate chemical was included in the technical report by Poet and Timchalk (2006). 

Information of chronic adverse health effects on the target organs/systems were most commonly obtained 
from the Acute Exposure Guideline Level (AEGL), Emergency Response Planning Guideline (ERPG), 
Hazardous Substances Data Bank (HSDB), U.S. National Institute for Occupational Safety and Health 
(NIOSH), OSHA, Registry of Toxic Effects of Chemical Substances (RTECS), Chemical Hazards 
Response Information System, Threshold Limit Value (TLV) documentation published by ACGIH, Sax's 
Dangerous Properties of Industrial Materials, Guide to Occupational Exposure Values by ACGIH. These 
resources are identified because they have the most reputable collections of existing toxicity data. If the 
above-mentioned sources are not available for HCN development, the review may resort to other sources 
(e.g., Material Safety Data Sheets, Haz-Map®, PubChem) or conduct primary literature search. PNNL 
staff with toxicological expertise conducted independant reviews of the HCN development to assure the 
accuracy and comprehensiveness of the HCN assignment. A listing of COPCs and non-COPCs for which 
HCNs have been developed or updated is included in Appendix A. 

To improve consistency in the STOE and TOSE designations and ensure applicability to the HTF chronic 
exposure scenario, the definitions of chronic HCNs were reviewed and revised when necessary. In most 
cases, revisions were made to increase specificity. For example, HCNs 3.11 and 3.12 are both used for 
chronic skin effects. HCN 3.11 is assigned to chemicals that induce skin dermatitis and/or sensitization, 
while HCN 3.12 is assigned to chemicals that induce chronic skin effects other than skin dermatitis and 
sensitization. Other minor changes included aligning definitions with convention. For example, HCNs 
19.00 and 20.00 are revised from “generally low risk” to “generally low hazards,” more accurately 
reflecting common use of the term hazard.  
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2.3 CMM Tool Test Applications 

Four test cases were selected to illustrate the CMM applications in mixture risk analysis. 

 Chemical Mixtures and Exposure Scenarios 

The CMM approach could be applied to several potential HTF worker exposure scenarios. These might 
include measured ambient air concentrations reflecting a specific HTF site where exposure monitoring 
occurred or exposure concentrations measured in the outflow (human side) of an air-purifying respirator 
cartridge, to name two. Two scenarios used as examples of the CMM tool reflect potential exposures 
measured in the outlet of an air-purifying respirator cartridge that was subjected to an inlet vapor stream 
from a tank farm exhauster. The other two scenarios reflect the results of personal sampling surveys 
conducted in a tank farm, and in a non-tank farm environment. 

A respirator cartridge test program was implemented by Washington River Protection Solutions in 2016 
to determine the period of time that cartridges would provide adequate performance for air-purifying 
respirators used to protect workers when exposed to a mixture of COPCs. One of those tests was 
conducted on a slip stream from the 702-AZ exhauster, representing a source concentration much higher 
than concentrations detected in the breathing zone (i.e., area samples). The concentrations of 36 COPCs 
were surveilled in respirator cartridge air outlets. Twelve of those COPCs were detected at measurable 
concentrations (see Table 3), including ammonia, which indicated breakthrough above 10% of the OEL 
after 10 hours of cartridge exposure. For these COPCs, the highest measured concentrations from the 
cartridge outlet prior to ammonia breakthrough (between 0 and 10 hrs) were used as inputs into the CMM 
tool (Scenario 1).5 

The remaining 24 tested COPCs were present at levels below their detection limits (DL) or considered not 
present. These chemicals are referred to as non-detects. For non-detects, the exposure concentration was 
assumed to be equal to: 

      Concentration = DL × 1/√2      (Eq. 3) 

This approach, which has been used in the environmental sciences and occupational hygiene fields for 
performing statistical analysis on data with non-detects (Helsel 2009, Price and Han 2011), serves to 
provide a more conservative estimate of the health impact from the exposure to COPC mixtures. All 36 
compounds, comprising measured concentrations and assumed concentrations for those below DLs with 
the latter at concentrations estimated using Eq. 3, are included in testing Scenario 2. 

Among the COPCs in the testing scenarios, 28 had HCNs already developed based on the CMM Rev. 29 
(Yu et al. 2016). For the remaining COPCs without HCN assignments, the HCNs of relevant surrogates 
were used due to lack of sufficient toxicity data to establish HCNs for the compounds. For example, eight 
COPCs including seven furan-based COPCs and 4-Methyl-2-hexanone used the HCNs of surrogates with 
reliable toxicity data. The choices of the corresponding surrogates are in accordance with technical report 
PNNL-15736 (Poet and Timchalk 2006). 

The CMM Excel Workbook was used for the following analyses. Step-by-step instructions on how to use 
CMM Workbook to conduct the evaluation are documented in the CMM user’s guide (Yu et al. 2016). 

                                                      
5 Under this scenario, it is assumed that the service life of the respirator cartridge is dictated by the ammonia 
breakthrough time, and any cartridge outlet COPC concentration observed prior to ammonia breakthrough could 
represent potential worker exposure. 
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Table 3. Test Case COPCs, OELs, and Measured or Assumed Concentrations 

 

                                                      
6 Concentration and measurement methods are documented in a separate report (Nune et al. 2017. Analysis of 
Respirator Cartridge Performance Testing on the 702-AZ Primary Exhauster for the Hanford AY/AZ Tank Farms. 
PNNL-26243, Pacific Northwest National Laboratory, Richland, Washington. (unpublished) 
7 Freeman et al. 2019. Overview of 2016 through 2018 Testing of Air-Purifying Respirator Cartridge Performance  
on Multiple Hanford Tank Headspaces and Exhausters: A Summary of APR Test Results. PNNL-26821 Rev. 1, 
Pacific Northwest National Laboratory, Richland, Washington. (unpublished) 

No. COPC Chemical Abstract Service 
Registry Number 

HTFOEL 
(ppm) 

Concentration 
(ppm) 

1 Ammonia 7664-41-7 25 1.6a 

2 Benzene 71-43-2 1 0.0002a 

3 Butyl alcohol, n- 71-36-3 20 0.002a 

4 Methyl vinyl ketone 78-94-4 0.2 0.0004a 

5 Formaldehyde 50-00-0 0.3 0.003a 

6 Acetaldehyde 75-07-0 25 0.01a 

7 Butyraldehyde 123-72-8 25 0.0003a 

8 Furan 110-00-9 0.001 0.00014c 

9 Acetonitrile 75-05-8 20 0.13a 

10 2,5-Dihydrofuranb 1708-29-8 0.001 0.00024c 

11 2-Methylfuranb 534-22-5 0.001 0.00014c 

12 2-Pentylfuranb 3777-69-3 0.003 0.00002a 

13 Mercury vapor  7439-97-6 0.003 0.0002c 

14 Butadiene, 1,3- 106-99-0 1.0 0.01c 

15 Diphenyl 92-52-4 0.2 0.0001c 

16 Hexanone, 2- 591-78-6 5 0.0001c 

17 4-Methyl-2-hexanoned 105-42-0 0.5 0.0001c 

18 Acrolein 107-02-8 0.1 0.0007c 

19 2,5-Dimethylfuranb 625-86-5 0.001 0.00002c 

20 2-Heptylfuranb 3777-71-7 0.001 0.00001c 

21 2-Propylfuranb 4229-91-8 0.001 0.00002c 

22 Diethyl phthalate 84-66-2 1 0.0002c 

23 Propionitrile 107-12-0 6 0.0002c 

24 Butanenitrile 109-74-0 8 0.0001c 

25 Pentanenitrile 110-59-8 6 0.0002c 

26 Hexanenitrile 628-73-9 6 0.0001c 

27 Ethylamine 75-04-7 5 0.004c 

28 Nitrosodimethylamine 62-75-9 0.0003 0.00002c 

29 N-Nitrosodiethylamine 55-18-5 0.0001 0.00001c 

30 N-Nitrosomethylethylamine 10595-95-6 0.0003 0.00002c 

31 Nitrosomorpholine 59-89-2 0.001 0.00001c 

32 Tributyl phosphate 126-73-8 0.2 0.0001c 

33 Dibutyl butylphosphonate 78-46-6 0.01 0.0001c 

34 Pyridine 110-86-1 1 0.001c 

35 Dimethylpyridine, 2,4- 108-47-4 1 0.0008c 

36 2,3-Dihydrofuran* 1191-99-7 0.001 0.00001c 

a The highest measured cartridge outlet values (0−10 hrs) (Nune et al. 2017). 
b The furan-based chemicals are assigned with the HCNs and HTFOEL of furan as surrogate. The HCNs of the 
substituted furans were developed in FY 2019. 
c The concentration is set as Concentration = DL × 1/√2 (Helsel 2009; Price and Han 2011).)6. Several furan 
values were corrected from original Nune et al. 2017 as documented in Freeman et al. 20197 
d The HCNs and HTFOEL of 2-hexanone are substituted for the 4-methyl-2-hexanone. 4-Methyl-2-hexanone 
HCNs were developed in FY 2019. 



 

2.8 

 Scenario 1 

In Scenario 1, HIs were calculated for 9 compounds measured at levels at or above their DLs. For these 
COPCs, the highest measured cartridge outlet concentrations for samples taken between  
0 and 10 hrs were used as inputs into the CMM tool. Figure 1 is a screenshot of the CMM Excel 
Workbook input spreadsheet of Scenario 1 with 9 COPCs. The HTFOEL is used as the AEL for calculating 
the HIi of individual COPCs. The HTFOELs were developed over a decade ago by Poet and Timchalk 
(2006). Weber et al. (2017) recently reported updates to the HTFOELs. 

 

 
Figure 1. Scenario Input Spreadsheet for the CMM Tool.  Concentrations Reported in ppm. 

 Scenario 2 

In Scenario 2, HIs were calculated for all 36 compounds, using estimated (Eq. 3) concentrations for 
compounds reported to be below the DLs. The input spreadsheet for Scenario 2 is depicted in Figure 2. 
The HTFOEL is used as the AEL for calculating the HI of individual COPCs. Although concentrations 
were reported post-respirator cartridge, the receptor point was arbitrarily reported as 10 m away from the 
release point in these scenarios. The distance information is not used in the calculations and is included 
here only for complete documentation. An alternative designation might be “Post-Respirator Cartridge.” 
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Figure 2. Scenario 2 Input Spreadsheet for the CMM Tool. Concentrations Reported in ppm. 
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 Scenario 3 

Scenario 3 was a sample taken from personal sampling measurements in the AX farm in 2015. Here the 
chemicals from the AX Farm Tank Vapor Information Sheet were included. The input spreadsheet for 
Scenario 3 is depicted in Figure 3. The HTFOEL is used as the AEL for calculating the HIi of individual 
COPCs. 

 
Figure 3. Scenario 3 Input Spreadsheet for the CMM Tool 

 Scenario 4 

Scenario 4 was a personal sampling data set from non-tank vapors. Measurements were taken outside the 
farms while workers were applying a coating to a concrete slab in 2017. The input spreadsheet for 
Scenario 4 is depicted in Figure 4. The HTFOEL is used as the AEL for calculating the HIi of individual 
COPCs. 

 
Figure 4. Scenario 4 Input Spreadsheet for the CMM Tool 

2.4 Results of Test Application of the CMM Tool 

In the following discussion, a hypothetical screening-level assessment is used to illustrate the usefulness 
of the CMM tool. Universal additivity among chemicals in a mixture is assumed. 

 Scenario 1 

The mixture HI (∑HIi) is 0.104, which is lower than unity. The calculation of the HIi of each top five 
chemical is listed in Table 4. This indicates that exposure to these nine COPCs as a mixture is below 
levels expected to cause significant adverse health effects. The top 5 chemicals that contribute to the 
mixture HI in Scenario 1 are listed in Table 4, sorted by the values from high to low. These chemicals 
contribute 99.6% of HI. Ammonia  is the major individual HIi contributor, and none of the top 5 
contributors exceed their corresponding HTFOEL. Table 5 lists the mixture HIs for each target organ 
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(∑HIi, p). The chronic effect in respiratory tract is one of the top five adverse health effects. The top five 
COPCs contributing to the respiratory tract HI are presented in Table 6. The detailed TOSE and STOE 
results spreadsheets and complete HI summary of Scenario 1 testing is presented in Appendix C (Figures 
C.1-3). 

Table 4. Top 5 Chemical Contributors to Mixture HI (∑HIi) in Scenario 1 

Ranking Chemical Compound OEL (ppm) Concentration (ppm) HIi 
1 Ammonia 25 1.6 0.064 
2 2-Pentylfuran 0.001 0.0000 0.020 
3 Formaldehyde 0.3 0.0033 0.011 
4 Acetonitrile 20 0.1300 0.007 
5 Methyl vinyl ketone 0.2 0.0004 0.002 

Table 5. Mixture HIs (∑HIi, p) for STOEs in Scenario 1 

Ranking STOE Mixture HI (∑HIi, p ) 
1 Blood 0.105 
2 Liver 0.105 
3 Respiratory Tract  0.105 
4 Skin 0.105 
5 CNS 0.105 
6 Kidney 0.104 
7 Gastrointestinal Tract 0.104 
8 Unspecified Nervous System 0.0956 
9 Heart 0.0866 

10 Eyes 0.0776 
11 Reproductive Organ 0.0405 
12 Carcinogen 0.0319 
13 Bladder 0.0110 
14 Bone 0.0004 

Note: Cumulative HI for specific target organs. ∑HIi, p represents a STOE. 

Table 6. Top 5 COPCs Contributing to Mixture HIs for Respiratory Effects in Scenario 1 
Ranking Chemicals HIi Associated HCNs 

1 Ammonia 0.064 10.00 
2 2-Pentylfuran 0.02 10.00 
3 Formaldehyde 0.011 10.00, 9.00 
4 Acetonitrile 0.0065 10.00 
5 Methyl vinyl ketone; (3-Buten-2-one) 0.002 10.00 

Although Scenario 1 evaluates the measured COPCs and sets the concentration of non-detects as zero,  
the results highlight the utility of the CMM tool to focus on components of mixtures contributing most 
significantly to the mixture HIs. Concern over toxicity increases as the HI surpasses unity. 

 Scenario 2 

The mixture HI (∑HIi) is equal to 1.09, which is slightly higher than unity. The calculation of the HIi of  
each top 10 chemical is listed in Table 7. This result indicates that exposure to all 36 COPCs used in this 
scenario result in a HI that is above levels expected to cause potential adverse health effects. The top 10 
chemical contributors account for 88.4% of the HI in Scenario 2 (Table 7), sorted by the values from 
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highest to lowest. 2,5-Dihydrofuran, nitrosamines and ammonia are the major contributors of the HI, 
although none of the top contributors exceed their corresponding HTFOEL. Only one of the top 10—
ammonia—was above its DL.  Nine of the 10 COPCs were below detection, and the combination of 
higher DLs and very low OELs contributed significantly to the HI greater than one.  Table 8 lists the 
mixture HIs for specific target organs (∑HIi, p). Respiratory tract effects are one of the highest five STOE 
HIs. The 10 COPCs that contribute most significantly to the respiratory tract HI are presented in Table 9. 
The complete HI summary of Scenario 2 testing is presented in Appendix C (Figure C. 4). 

Table 7. Top 10 Chemical Contributors to Mixture HI in Scenario 2 

Ranking Chemical Compound OEL (ppm) Concentration (ppm) HIi 
1 2,5-Dihydrofuran 0.001 0.00024 0.240 
2 N-Nitrosodiethylamine 0.0001 0.00001 0.141 
3 Furan 0.001 0.00014 0.140 
4 2-Methylfuran 0.001 0.00014 0.140 
5 Nitrosodimethylamine 0.0003 0.00002 0.071 
6 N-Nitrosomethylethylamine 0.0003 0.00002 0.071 
7 Ammonia 25 1.60000 0.064 
8 Mercury vapor 0.003 0.00016 0.054 
9 Nitrosomorpholine 0.0006 0.00001 0.024 
10 2-Propylfuran 0.001 0.00002 0.021 

Table 8. Mixture HIs (∑HIi, p) for STOEs in Scenario 2 

Ranking STOEs Mixture HI (∑HIi, p ) 
1 Liver  1.08 
2 Respiratory Tract  1.08 
3 Gastrointestinal Tract  1.07 
4 Reproductive Organ  1.02 
5 Blood  1.01 
6 Kidney  1.01 
7 CNS  0.996 
8 Carcinogen  0.946 
9 Heart  0.827 

10 Skin  0.774 
11 Unspecified Nervous System  0.759 
12 Eyes  0.140 
13 Bladder  0.027 
14 Bone  0.017 

Table 9. Top 10 COPCs Contributing to Mixture HIs for Respiratory Effects in Scenario 2 

Ranking Chemicals HIi Associated HCNs 
1 2,5-Dihydrofuran 0.240 10.00 
2 N-Nitrosodiethylamine 0.141 10.00 
3 Furan 0.140 10.00 
4 2-Methylfuran 0.140 10.00 
5 Nitrosodimethylamine 0.071 10.00 
6 N-Nitrosomethylethylamine 0.071 10.00 
7 Ammonia 0.064 10.00 
8 Mercury vapor  0.054 10.00 
9 Nitrosomorpholine 0.024 10.00 

10 2-Propylfuran 0.021 10.00 
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 Scenario 3 

The Mixture HI (∑HIi) is equal to 0.209, which is lower than unity. The calculation of the HIi of each 
chemical is listed in Table 10. This result indicates that exposure to all COPCs in this scenario result in a 
mixture HI that is below levels expected to cause potential adverse health effects. HIi values of each 
chemical in this mixture shown in Table 10 are sorted from highest to lowest. Nitrosamines are the major 
contributors of the mixture HI, although none of them exceed their corresponding HTFOEL. Table 11 lists 
the mixture HI for specific target organ chronic toxic health effects (∑HIi, p). The gastrointestinal (GI) 
tract effect is one of the highest five STOE HI. The contributions from each chemical HIi to the GI Tract 
effects are presented in Table 12. The complete mixture HI summary of Scenario 3 testing is presented in 
Appendix C (Figure C.5). 

Table 10. Top 10 Chemical Contributors to Mixture HI (∑HIi) in Scenario 3 

Rank Chemical Compound OEL (ppm) Concentration (ppm) HIi 
1 N-Nitrosodiethylamine 0.0001 0.0000068 0.056 
2 2,3-Dihydrofuran 0.001 0.000042 0.042 
3 Nitrosodimethylamine 0.0003 0.0000084 0.028 
4 N-Nitrosomethylethylamine 0.0003 0.0000056 0.023 
5 Nitrous oxide 50 1.1 0.022 
6 Mercury vapor  0.025 0.000042 0.017 
7 Nitrosomorpholine 0.0006 0.0000054 0.009 
8 Formaldehyde 0.3 0.0023 0.008 
9 Ammonia 25 0.12 0.005 

Table 11. Mixture HIs (∑HIi, p) for STOEs in Scenario 3 

Rank STOEs Mixture HI (∑HIi, p ) 
1 Gastrointestinal Tract  0.209 
2 Liver 0.209 
3 Respiratory Tract  0.209 
4 Kidney 0.186 
5 CNS 0.177 
6 Reproductive Organ 0.162 
7 Blood 0.144 
8 Carcinogen 0.123 
9 Eyes 0.093 

10 Heart 0.072 
11 Unspecified Nervous System  0.051 
12 Skin  0.029 
13 Bladder  0.030 
14 Bone  0.022 

Table 12. COPCs Contributing to Mixture HIs for GI Tract Effects in Scenario 3 

Rank Chemicals HIi Associated HCNs 
1 N-Nitrosodiethylamine 0.056 3.07 
2 2,3-Dihydrofuran 0.042 3.07 
3 Nitrosodimethylamine 0.028 3.07 
4 N-Nitrosomethylethylamine 0.023 3.07 
5 Nitrous oxide 0.022 3.07 
6 Mercury vapor  0.0168 3.07 
7 Nitrosomorpholine 0.009 3.07 
8 Formaldehyde 0.0077 3.07 
9 Ammonia 0.0048 3.07 
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 Scenario 4 

The mixture HI (∑HIi) is equal to 0.098, which is lower than unity. The calculation of the individual 
chemical HIis is listed in Table 13. This result indicates that exposure to these non-COPCs in this scenario 
result in a mixture HI that is below levels expected to cause potential chronic adverse health effects. 
Methyl isobutyl ketone has the highest HIi value in this mixture and is the major contributor to the 
mixture HI. Table 14 lists the mixture HI for specific target organs (∑HIi, p). Chronic effects to the CNS 
are among the highest mixture HIs. All five chemicals contribute to the CNS effects (Table 15). The 
complete mixture HI summary of Scenario 4 testing is presented in Appendix C (Figure C.6). Although 
this is not a case involving vapor exposure from a tank mixture, it shows that hazardous chemicals from 
specific jobs could have potential health effects. Therefore, job specific chemical exposures should be 
taken into consideration of worker protections to develop a more comprehensive total exposure risk 
analysis. 

Table 13. Top Chem Contributors to Mixture HI (∑HIi) in Scenario 4 

Rank Chemical Compound OEL (ppm) Concentration (ppm) HIi 
1 Methyl isobutyl ketone 20 1.5 0.075 
2 Ethyl Benzene 20 0.18 0.009 
3 Xylene-all isomer 100 0.8 0.008 
4 Diisobutyl Ketone 25 0.13 0.0052 
5 1,2,4-Trimethylbenzene 25 0.028 0.0011 

Table 14. Mixture HIs (∑HIi, p) for STOEs in Scenario 4 

Rank STOEs Mixture HI (∑HIi, p ) 
1 CNS (C) 0.098 
2 Kidney (C) 0.098 
3 Liver (C) 0.097 
4 Skin (C) 0.097 
5 Blood (C) 0.093 
6 Reproductive Organ (C) 0.092 
7 Bladder (C) 0.089 
8 Carcinogen (C) 0.084 
9 Respiratory Tract (C) 0.018 

10 Heart (C) 0.013 
11 Bone (C) 0.008 
12 Eyes (C) 0.008 
13 Gastrointestinal Tract (C) 0.0063 
14 Unspecified Nervous System (C) 0.0011 

Table 15. The COPCs Contributing to Mixture HIs for CNS Effects in Scenario 4 

Rank Chemicals HIi Associated HCNs 
1 Methyl isobutyl ketone 0.075 3.05, 7.11 
2 Ethyl Benzene 0.009 3.05, 7.11 
3 Xylene-all isomer 0.008 3.05, 7.11 
4 Diisobutyl Ketone 0.0052 3.05 
3 1,2,4-Trimethylbenzene 0.00112 3.05, 7.11 

 

 



 

2.15 

2.5 Summary and Use Guidance Recommendations 

The CMM and CMM Excel Workbook tool can be used to rapidly evaluate the potential for additive 
effects of mixtures of COPCs on HTF workers using rationally defined mixtures from ongoing tank farm 
sampling campaigns. As such, this computational tool is robust enough to maintain pace with the efforts 
of the IH program and will enable prioritization of exposures approaching or passing unity for more in-
depth analysis. These tools enable rapid mixture evaluations using measured exposures, HCNs, and 
HTFOELs, and complement conventional approaches used to evaluate individual compounds. Importantly, 
the CMM is a default method recommended by DOE and other agencies, such as the EPA, for assessing 
health impacts on individuals that are exposed to airborne releases of hazardous chemical mixtures. 
Recognition of the CMM by key regulatory agencies supports its application here. 

It is important to understand the limitations of the CMM. Limitations encompass routes of exposure and 
lack of direct inhalation toxicology data for many of the chemicals. The default assumption that chemicals 
interact in a strictly additive fashion, though reasonable, has not been validated for tank vapors. HCNs 
used in the CMM may or may not be comprehensive due to study focus, route of exposure, species under 
study, and other concerns. Therefore, while the CMM can provide a rapid screening analysis of the 
toxicity of chemical mixtures under a variety of conditions, the CMM should not be used as a decision-
making tool. Rather, the results should be carefully analyzed to prioritize the scenarios approaching or 
exceeding unity for a more in-depth and direct analysis. 

Four exposure scenarios were used as test applications to demonstrate the utility of the CMM method and 
CMM Excel Workbook tool. Two scenarios evaluated the potential for a mixture of up to 36 chemicals 
measured at the outflow of a respirator cartridge in FY 2017. In the first scenario, only chemicals 
measured at or above the DL concentration were considered. In the second scenario, compounds below 
the DL concentration also were considered, assuming their concentrations were a fraction of the DL. In 
scenario 1, mixture HIs were below unity, indicating there would be little concern for adverse effects in 
workers from the exposures. In scenario 2, mixture HIs were slightly above unity, which is ascribed to the 
major HI contributions from non-detect compounds including all furans and nitrosamines. Excluding 
these COPCs would reduce the mixture HI to less than unity (e.g., Scenario 1). Scenario 2 showcased the 
situation when the over exposure may only result from a few dominant compounds in the mixture. Under 
such circumstances, it is important and advantageous to determine the contribution of each chemical, thus 
allowing resources (e.g. monitors) or mitigation (e.g., PPE) to be prioritized, as appropriate. In addition, 
target organs with the highest mixture HI can be considered by certified IHs or occupational medicine 
staff for medical monitoring, if warranted. Two other cases were evaluated in FY 2019. Scenario 3 
involved personal sampling data from in-farm work activities and Scenario 4 was related to a specific job 
situation outside of a tank farm. Both cases were associated with an HI that was <1, indicating that the 
combination of chemicals did not represent a significant exposure concern warranting further in-depth 
analysis. Because chemical hazards not only come from the vapors in the tank, but also other aspects such 
as activities associated with specific jobs, it is feasible to use the CMM tool to support total exposure 
assessment upon input of all exposure parameters. 

Improvements in the CMM tool are necessary. In FY 2017, more than half of the HTFCOPCs were 
reviewed, and HCN assignments were made based on both acute and chronic toxicity studies. 
Specifically, 36 COPCs had their HCNs reevaluated and updated. In FY 2019, the IH team identified 41 
chemicals, including 32 COPCs and 9 non-COPCs, which needed HCN reviews, updates, and/or 
development. These chemicals were reviewed and the HCNs were developed or updated. 

Carcinogens should not be treated the same as the non-cancer health effects. Nonlinear methods are to be 
used when there is sufficient evidence to support the nonlinearity in the mode of action. For linear 
carcinogens, the EPA process for estimating cancer risk is based on the unit risk estimate for inhalation 
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and the carcinogenic potency slope for ingestion (EPA 1986b, 2005). Improvement was made to the 
CMM Workbook to better define carcinogenic effects. A communication guide was developed to 
introduce the CMM to users. Further discussions are needed to determine the best approaches for worker 
communications when little information is available on acute OELs or to develop TECs for many COPCs. 
With the addition of acute OELs (to be developed) and appropriate acute HCNs, the CMM tool could be 
used to assess the potential for acute health effects. 

In addition to using the existing CMM Excel Workbook tool to explore new scenarios for rapid 
assessment of risk, there is an opportunity to merge the tool with atmospheric dispersion modeling or 
other measures of exposure to develop regional hazard maps. We envision this task as a high impact 
opportunity to integrate exposure monitoring with hazard estimation at the HTF. 

In summary, for FY 2020, four tasks are proposed that will facilitate a better understanding of chemical 
mixtures and their potential to cause adverse effects in HTF workers. These tasks are described below: 

1. Develop HCNs for COPCs and crtical non-COPCs currently without HCNs, review HCNs for other 
COPCs as needed for more accurate mixture analysis, and update the existing HCNs based on the 
updated toxicity data 

2. Revise the CMM further to 1) separately address hazards from dermal and inhalation exposures,  
2) provide support in acute exposures and job associated pre-task risk analysis, and 3) improve 
communication of the CMM to future users 

3. Assess additional exposure scenarios for a more comprehensive hazard evaluation of HTF COPC 
mixtures using the integrated Tableau platform with the CMM; conduct quality assurance/quality 
control assessments of the Tableau results against the CMM Workbook 

4. Develop a framework for CMM integration with a suitable dispersion model for regional 
occupational risk analysis on the HTF. 
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3.0 Approaches for Evaluating the Potential for Acute 
Respiratory Effects 

3.1 Background 

The traditional approach of managing exposures to tank vapor chemicals is to protect against long-term 
health effects that result from cumulative or ongoing exposures. This approach is not applicable for short-
term (bolus) exposures. Resolution of the latter will require a specific focus on managing acute/short-term 
exposures. In this context, it is important to distinguish between acute exposure guidelines established for 
emergency management versus occupational exposures. To enable emergency response personnel to 
perform their duties, emergency situations can tolerate exposures with mild adverse health effects that 
would not be readily accepted in occupational exposure scenarios. 

Acute exposure guidelines for all COPCs has not yet been fully established, largely because only a small 
fraction of COPCs (11 of 61; Table 10) have acute exposure guidelines established by authoritative 
sources. In contrast to chronic OELs that are based on surrogate chemicals, the use of surrogates to 
establish acute exposure guidelines is not advisable for occupational exposures in this project, thus 
development of a comprehensive list of acute exposure guidelines will require consideration of surrogate-
based COPCs in future efforts. 

We describe two approaches for evaluating the potential for acute respiratory effects of COPCs. The first 
uses conventional principles and available toxicity data to establish what are referred to here as TECs, an 
alternative to derivation of OELs that are available only for compounds with sufficient toxicity data. The 
second is an experimental approach for establishing whole mixture respiratory toxicity data that can be 
used directly to establish the level of hazard associated with actual chemical mixtures in HTFs. These two 
approaches are introduced in Sections 3.2 and 3.3, and detailed in appendices. 

Table 16. Acute Exposure Guidelines for all COPCs 
COPCs with Acute Regulatory Guideline Values 

Number Chemical Name CAS Number 
1 Ammonia 7664-41-7 
2 Mercury 7439-97-6 
3 1,3-Butadiene 106-99-0 
4 Benzene 71-43-2 
5 Methanol 67-56-1 
6 2-Hexanone 591-78-6 
7 3-Buten-2-one 78-94-4 
8 Formaldehyde 50-00-0 
9 Acetaldehyde 75-07-0 

10 2-Propenal (Acrolein)b 107-02-8 
11 Ethylamine 75-04-7 
12 Methyl Isocyanate 624-83-9 
13 Dimethylmercurya 593-74-8 
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Table 16. Continued 
COPCs that Use Surrogates for OEL Derivation  
Number Chemical Name CAS Number 

1 3-Methyl-3-butene-2-one 814-78-8 
2 4-Methyl-2-hexanone 105-42-0 
3 6-Methyl-2-heptanone 928-68-7 
4 2-Methyl-2-butenal 1115-11-3 
5 2-Ethyl-hex-2-enal 645-62-5 
6 2,3-Dihydrofuran 1191-99-7 
7 2,5-Dihydrofuran 1708-29-8 
8 2-Methylfuran 534-22-5 
9 2,5-Dimethylfuran 625-86-5 
10 2-Ethyl-5-methylfuran 1703-52-2 
11 4-(1-Methylpropyl)-2,3-dihydrofuran 34379-54-9 
12 3-(1,1-Dimethylethyl)-2,3-dihydrofuran 34314-82-4 
13 2-Pentylfuran 3777-69-3 
14 2-Heptylfuran 3777-71-7 
15 2-Propylfuran 4229-91-8 
16 2-Octylfuran 4179-38-8 
17 2-(3-Oxo-3-phenylprop-1-enyl)furan 717-21-5 
18 2-(2-Methyl-6-oxoheptyl)furan 51595-87-0 
19 Pentanenitrile 110-59-8 
20 Hexanenitrile 628-73-9 
21 Heptanenitrile 629-08-3 
22 2-Methylene butanenitrile 1647-11-6 
23 2,4-Pentadienenitrile  1615-70-9 
24 Dibutyl butylphosphonate 78-46-6 
25 2-Fluoropropene 1184-60-7 
26 Methyl nitrite 624-91-9 
27 Butyl nitrite 544-16-1 
28 Butyl nitrate 928-45-0 
29 1,4-Butanediol, dinitrate  3457-91-8 
30 2-Nitro-2-methylpropane 594-70-7 
31 1,2,3-Propanetriol, 1,3-dinitrate 623-87-0 
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Table 16. Continued 
COPCs Proposed for TEC Development 

 

Number Chemical Name CAS Number 
1 Nitrous Oxide 10024-97-2 
2 1-Butanol 71-36-3 
3 Butanal 123-72-8 
4 Furanc 110-00-9 
5 Diethylphthalate 84-66-2 
6 Acetonitrilec 75-05-8 
7 Propanenitrilec 107-12-0 
8 Butanenitrile 109-74-0 
9 N-Nitrosodimethylamine 62-75-9 
10 N-Nitrosodiethylamine 55-18-5 
11 N-Nitrosomethylethylamine 10595-95-6 
12 N-Nitrosomorpholine 59-89-2 
13 Tributyl phosphate 126-73-8 
14 Chlorinated Biphenyls Varies 
15 Pyridine 110-86-1 
16 2,4-Dimethylpyridine  108-47-4 

a ACGIH-Short-Term Exposure Limit (STEL), based on mercury, alkyl 
compounds 
b AEGLs and ACGIH Ceiling 
c AEGLs available 

3.2 Transient Effect Concentrations 

A large number of volatile compounds have been identified in the headspaces of single- and double-
shelled tanks used to store mixed chemical and radioactive waste at the Hanford Site. The TVAT 
recommended improving the basis for understanding the potential for health impacts from both chronic 
and acute exposures. Only a small number of COPCs have acute regulatory guidelines established by 
authoritative bodies. Thus, there is a need to consider how best to use existing toxicity data to provide 
alternatives to OELs that are useful for estimating the health risks of acute chemical mixture exposures 
based on the best available science. 

The TEC term defines an exposure concentration where short-term discomfort, irritation, or other stress-
induced physiological responses may be experienced by the exposed individual without long-term, 
irreversible impacts. Use of the TEC term was proposed to summarize existing exposure-effect 
information for a compound to 1) understand the state of the science and adequacy of existing data for the 
compounds, 2) catalog the types of effects, and 3) document levels of exposure likely to be without these 
effects for purposes of risk communication, not regulation. Within HTF operations, HTFTECs derived for 
compounds without acute OELs would be used to communicate the kinds of effects that could result from 
acute exposure, concentrations at which effects would likely occur, and concentrations below which they 
would likely not occur. The methodologies for HTFTEC derivation and documentation are similar to those 
historically used for derivation of OELs. 

The Standard Operating Procedure document provided in Appendix D details the process for establishing 
a HTFTEC to non-carcinogenic chemicals or families of chemicals that have been identified in the tank 
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waste headspace at or above preliminary screening values. The principles underlying development of 
TECs are similar to those used for developing AEGLs; recognizing that the applications are different 
because HTFTECs deal with occupational health while AEGLs are developed for the general population, 
which includes the most sensitive individuals. Comprehensive database searches for chemical-specific 
toxicological data are followed by a full assessment of the chemical hazards (effects). A key step is an 
evaluation of the available data to determine if it meets general minimal data set requirements established 
by regulatory agencies. In general, the team concluded that the use of data on surrogates or read-across 
methods to establish TECs was not useful at this time because it would introduce unquantifiable, but 
likely very high, uncertainty in the TEC derivation process. The uncertainty would erode confidence 
(appropriately) and cause confusion in TECs derived in this way, rendering them of little value. In the 
final steps, dose-response modeling (e.g., Benchmark Dose Modeling) is used to establish a point of 
departure, and uncertainty factors are applied to derive the TEC. Confidence is carefully and completely 
documented. Detailed descriptions of each step are provided in Appendix D. 

Acute exposure guidelines are being investigated as a tool to communicate possible health effects of 
COPCs to workers in relation to measured chemical concentrations at the Hanford Site. Therefore, for 
risk communication purposes, it is reasonable to identify acute exposure guidelines reported by 
authoritative U.S. bodies (e.g., OSHA, ACGIH, NIOSH, etc.) and those developed by IH programs or 
foreign authoritative bodies. A preliminary investigation of acute regulatory guidelines for the 16 COPCs 
proposed for TEC development listed in Table 11 was conducted. In summary, information on acute 
exposure effects/guidelines for 12 of 16 COPCs was identified. It is anticipated that sufficient 
experimental data may exist to develop an acute exposure guideline for three additional COPCs 
(propanenitrile, butanenitrile, and 2,4-dimethylpyridine). Acute regulatory values for nitrosamine-class 
COPCs have been identified but currently are not recommended for use. It is known that they are 
potentially carcinogenic and we believe that additional consideration of these chemicals is warranted. 
Finally, an example of TEC development for nitrous oxide will be presented for which sufficient human 
exposure data exists. 

Source descriptions for COPCs with identified short-term guidelines are listed below: 

• 1-Butanol: A UNEP SIAM 13 publication (UNEP 2001a) sponsored by EPA reported short-term 
exposure limits for 1-Butanol ranging from 15 ppm STEL (Netherlands) to DFG MAK STEL of 
200 ppm, 30 min, 4 times/shift. The technical basis for STELs from different sources will need to 
be investigated further before an appropriate HTFTEC can be recommended. 

• Butanal: An OARS-WEEL document on butyraldehyde (synonym for butanal) lists a range of 
concentrations associated with no or mild respiratory irritation in humans (197 to 230 ppm) 
(OARS-WEEL 2014). Sim and Pattle (1957) conducted a controlled human exposure study and 
determined that 230 ppm butanal was non-irritating to 15 healthy male volunteers. A NIOSH 
(1977) RTECS report indicated that the lowest toxic concentration of butanal producing irritation in 
humans by inhalation exposure was 580 mg/m3 (197 ppm). However, the exposure duration was not 
specified and the original source was not identified in the NIOSH RTECS for butyraldehyde. 
Quantitative structure-activity relationships for inhaled aldehydes also have been reported for 
sensory irritation effects which are consistent with the concentrations producing no effects on 
respiratory irritation. Based on this information, the best controlled human exposure study 
identified indicates that inhalation exposure to 230 ppm butanal is non-irritating to the average 
person. 
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Table 17. Identification of Acute Exposure Guidelines for COPCs Proposed for TEC Development 
No. Chemical Name Chronic 

HTFOEL 
STEL/Acute 
Guideline 

Source 

1 Nitrous Oxide 50 ppm NAa NA 
2 1-Butanol 20 ppm 15 – 200 ppm UNEPb 
3 Butanal 25 ppm 230 ppm Occupational Alliance for Risk Science – 

Workplace Environmental Exposure Level 
(OARS-WEEL) 

4 Furan 1 ppb 180 ppb UK WEL-STEL/Sittig’s Handbookc 
5 Diethylphthalate 5 mg/m3 10 mg/m3 UK/Canada STELs 
6 Acetonitrile 20 ppm 60 ppm  OSHA TLV-ceiling 
7 Propanenitrile 6 ppm NA NA 
8 Butanenitrile 8 ppm NA NA 
9 N-Nitrosodimethylamine 0.3 ppb NRd Texas Effects Screening Level (ESL) short 

term 
10 N-Nitrosodiethylamine 0.1 ppb NR Texas ESL short term 
11 N-

Nitrosomethylethylamine 
0.3 ppb NR Texas ESL short term 

12 N-Nitrosomorpholine 0.6 ppb NR Texas ESL short term 
13 Tributyl phosphate 0.2 ppm 0.46 ppm UK STEL 
14 Chlorinated Biphenyls 1 mg/m3 3 mg/m3 Washington Administrative Code (WAC) 

296-841-20025e 
15 Pyridine 1 ppm 10 ppm  UK STEL 
16 2,4-Dimethylpyridine 0.5 ppm NA NA 
a NA – not available 
b UNEP – United Nations Environmental Publication 
c UK WEL-STEL – United Kingdom Workplace Exposure Limits 
d NR – not recommended. Short-term exposure limits were identified but are not recommended. 
e WAC – Washington State Legislature – Washington Administrative Code 

• Furan: The MOLBASE website8 lists information on furan properties and health effects.  
Section 8, Exposure Controls, Personal Protection, reports a UK WEL-STEL of 30 mg/m3  
(no date). Sittig’s Handbook of Toxic and Hazardous Chemicals and Carcinogens (Pohanish 2011) 
also identifies a Russian STEL of 0.5 mg/m3 (skin) and several PAC/TEEL values (TEEL-0:  
1.25 ppm; PAC-1: 4 ppm). The chronic HTFOEL is 1 ppb. To convert mg/m3 to ppb, a standard ppm 
calculation that then is converted to ppb is applied: 
− ppm = (mg/m3 × 24.45) ÷ 68.08 (molecular weight of furan) 
− The ppb equivalent range for 0.5 to 30 mg/m3 is 180 to 10,774 ppb. The most conservative 

value (180 ppb) is proposed. Furan causes liver toxicity and cancer in laboratory animals, with 
the development of cancer believed to be dependent on furan exposure concentrations that 
cause toxicity. Therefore, the absence of toxicity would be expected to be protective for 
developing cancer. The lowest AEGL value identified for furan is 0.85 ppm (AEGL-2, 8-hr 
exposure). Therefore, a TEC value of 180 ppb is well below the lowest concentration predicted 
to cause toxicity in the most sensitive individuals (850 ppb), noting that the AEGL-2 value is 
for an 8-hr exposure. 

• Diethylphthalate: Spectrum Laboratory Products material safety data sheet reports a 10 mg/m3 
STEL from the United Kingdom and Canada (September 12, 2013). 

                                                      
8 http://www.molbase.com/en/msds_110-00-9-moldata-64914.html 

http://www.molbase.com/en/msds_110-00-9-moldata-64914.html
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• Acetonitrile: OSHA TLV-ceiling of 60 ppm (1992). 

• N-Nitrosodimethylamine: A short-term exposure guideline of 1 μg/m3 for N-Nitrosodimethylamine 
was reported as a Texas ESL. ESLs are defined as chemical concentrations in the air that are safe 
and believed to be protective of human health in the general public, including children, the elderly, 
pregnant women, and people with pre-existing health conditions.9 To convert μg/m3 to ppb, the 
following equation is used: 
− ppb = (μg/m3 × 24.45) ÷ 74.08 (molecular weight of N-Nitrosodimethylamine) 
− The ppb equivalent of 1 μg/m3 is 0.33 ppb. Thus, the acute exposure value is essentially the 

same as the chronic HTFOEL. In light of the cancer risk associated with nitrosamines, a more in-
depth analysis of the basis for this value is warranted, and an acute TEC is not recommended at 
this time. 

• N-Nitrosodiethylamine: A short-term exposure guideline of 1 μg/m3 for N-Nitrosodiethylamine was 
reported as a Texas ESL. ESLs are defined as chemical concentrations in the air that are safe and 
believed to be protective of human health in the general public, including children, the elderly, 
pregnant women, and people with pre-existing health conditions.10 To convert μg/m3 to ppb, the 
following equation is used: 
− ppb = (μg/m3 × 24.45) ÷ 102.14 (molecular weight of N-Nitrosodiethylamine) 
− The ppb equivalent of 1 μg/m3 is 0.24 ppb. Thus, the acute exposure value is essentially the 

same as the chronic HTFOEL. In light of the cancer risk associated with nitrosamines, a more in-
depth analysis of the basis for this value is warranted, and an acute TEC is not recommended at 
this time. 

• N-Nitrosomethylethylamine: N-Nitrosomethylethylamine has a short-term exposure guideline of  
1 μg/m3 reported as a Texas ESL. ESLs are defined as chemical concentrations in the air that are 
safe and believed to be protective of human health in the general public, including children, the 
elderly, pregnant women, and people with pre-existing health conditions.11 To convert μg/m3 to 
ppb, the following equation is used: 
− ppb = (μg/m3 × 24.45) ÷ 88.11 (molecular weight of N-Nitrosomethyethylamine) 
− The ppb equivalent of 1 μg/m3 is 0.3 ppb. Thus, the acute exposure value is the same as the 

chronic HTFOEL. In light of the cancer risk associated with nitrosamines, a more in-depth 
analysis of the basis for this value is warranted, and an acute TEC is not recommended at this 
time. 

• N-Nitrosomorpholine: A short-term exposure guideline of 140 μg/m3 for N-Nitrosomorpholine was 
reported as a Texas ESL. ESLs are defined as chemical concentrations in the air that are safe and 
believed to be protective of human health in the general public, including children, the elderly, 
pregnant women, and people with pre-existing health conditions.12 To convert μg/m3 to ppb, the 
following equation is used: 
− ppb = (140 μg/m3 × 24.45) ÷ 116.12 (molecular weight of N-Nitrosomorpholine) 
− The ppb equivalent of 140 μg/m3 is 30 ppb. In light of the cancer risk associated with 

nitrosamines, a more in-depth analysis of the basis for this value is warranted, and an acute  
TEC is not recommended at this time. 

                                                      
9 http://www.swcleanair.org/epages/PollutantDetail.asp?id=2012 
10 http://www.swcleanair.org/epages/PollutantDetail.asp?id=1741 
11 http://www.swcleanair.org/epages/PollutantDetail.asp?id=2926 
12 http://www.swcleanair.org/epages/PollutantDetail.asp?id=1892 
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• Tributyl phosphate: A UNEP SIAM 12 publication (UNEP 2001b) sponsored by the EPA reported 
a 10 min STEL of 5 mg/m3 from the United Kingdom for tributyl phosphate. The following 
equation is used to convert mg/m3 to ppm: 
− ppm = (μg/m3 × 24.45) ÷ 266.31 (molecular weight of tributyl phosphate) 
− The ppm equivalent of 5 mg/m3 is 0.46 ppm. 

• Chlorinated biphenyls: The Washington State Legislature website13 lists permissible exposure 
limits for a number of chemicals. Polychlorinated biphenyls detected at the Hanford Site are 
structurally similar to Aroclor 1242 (42% chorine). The WAC guideline for this class of 
polychlorinated biphenyls is 3 mg/m3 STEL (October 6, 2017, effective date). 

• Pyridine: The RESTEK material safety data sheet reports a 10 ppm STEL for pyridine from the 
United Kingdom (April 25, 2017, revision date). 

 Example TEC Development: Nitrous Oxide 

Nitrous oxide (CAS # 10024-97-2) is commonly used as an inhalation anesthetic in dental and medical 
applications. For many years, the toxicity of nitrous oxide was primarily a concern related to its anesthetic 
action; however, a number of additional health-related endpoints have been observed that indicate nitrous 
oxide impacts multiple target organs (Yagiela 1991). Because of the possibility of nitrous oxide exposure 
to medical clinicians, an OEL has been established by authoritative bodies. The ACGIH established a 
TLV-TWA of 50 ppm, and NIOSH established a recommended exposure limit of 25 ppm. Currently,  
50 ppm is being used as the HTFOEL. At exposure concentrations >50 ppm, nitrous oxide can reduce 
dexterity, cognition, and motor and audiovisual skills in humans (Adriani 1983, Ellenhorn and Barceloux 
1988). Therefore, maintaining blood nitrous oxide concentrations at or below concentrations associated 
with a maximum occupational exposure (50 ppm, 8 hr) will be protective against impairment of dexterity 
and motor skills, which are among the lowest dose health effects associated with exposure. To determine 
the relevant blood concentration values, a pharmacokinetic model is needed that incorporates the major 
biological parameters influencing absorption, distribution, and elimination of nitrous oxide. 

The pharmacokinetics of nitrous oxide in humans are well studied, and the data are available for model 
parameterization. Nitrous oxide is absorbed by the lungs, distributed throughout the body, and eliminated 
by exhalation (Becker and Rosenberg 2008, Carpenter et al. 1986, Doolette et al. 1998, Eger 2004, Kety 
et al. 1948, Levitt 2002, Munson et al. 1978). Among inhaled anesthetics, nitrous oxide is known for its 
relatively low solubility in blood (0.41 to 0.47 blood:air partition coefficient) (Becker and Rosenberg 
2008, Munson et al. 1978). For volatile, non-metabolized compounds at constant ventilation rates, a low 
blood:air partition coefficient allows the concentration in the blood to rapidly equilibrate with the 
exposure concentration in air (Becker and Rosenberg 2008, Munson et al. 1978). 

We propose extrapolating the chronic HTFOEL for nitrous oxide to a 15-min TEC using pharmacokinetic 
modeling of its internal dosimetry, which enables the definition of nitrous oxide dose at the target site. 
Although the precise physiological mechanism of action for nitrous oxide is unknown, it is known that it 
affects the CNS (Becker and Rosenberg 2008). As such, nitrous oxide concentrations in the blood or CNS 
are better metrics for evaluating occupational effects of exposures and can serve as a basis to extrapolate 
different exposure scenarios (e.g., 15-min versus 8-hr exposure). 

 

                                                      
13 http://apps.leg.wa.gov/WAC/default.aspx?cite=296-841-20025 

http://apps.leg.wa.gov/WAC/default.aspx?cite=296-841-20025
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To extrapolate the HTFOEL to a TEC, a pharmacokinetic model was developed to simulate blood 
concentrations of nitrous oxide following inhalation exposures. The model was used to predict a peak 
nitrous oxide concentration in blood following an 8-hr inhalation exposure to the HTFOEL for nitrous 
oxide (50 ppm). Then, a 15-min inhalation exposure concentration was calculated to achieve an 
equivalent peak concentration in the blood that would serve as the basis for the proposed TEC. This 
approach of extrapolating nitrous oxide internal dosimetry with pharmacokinetic models allows us to take 
important physiological processes (e.g., ventilation rates associated with different levels of physical 
activity) into consideration and then to tailor OELs to HTF personnel and working conditions. 

3.2.1.1 Materials and Methods 

A pharmacokinetic model was developed to describe nitrous oxide disposition in humans. The model 
describes the time course of nitrous oxide in four compartments that represent 1) the lungs, 2) arterial 
blood, 3) venous blood, and 4) the rest of the body (Figure 5). 

 
Figure 5. Pharmacokinetic Model Describing Nitrous Oxide Disposition in Humans Following 

Inhalation Exposure 

Nitrous oxide absorption was modeled as a flow-limited process where Al is the nitrous oxide amount in 
the lung, Qp is the alveolar ventilation rate, Catm is the nitrous oxide concentration in the atmosphere, Cex 
is the nitrous oxide concentration expired, Qc is the cardiac output, Cv is the nitrous oxide concentration in 
venous blood, and Cal is the concentration in arterial blood levels in the lung (Equation 4). The nitrous 
oxide concentration in the lung (Cl) was calculated using the lung volume (Vl) (Equation 5). The 
concentration in arterial blood levels the lung was calculated using a blood:lung partition coefficient (Pl) 
(Equation 6). The concentration expired was calculated using a blood:air partition coefficient (Pbl) 
(Equation 7). Nitrous oxide amounts in the rest of the body (Arb) also were modeled as flow-limited 
process, where Ca is the concentration in arterial blood and Cvrb is the concentration in venous blood, Crb 
is the concertation in the rest of the body, Vrb is the rest-of-the-body volume, and Prb is the blood:rest-of-
the-body partition coefficient (Equations 5 through 7). All model equations are shown below as 
supplementary information. 

𝑑𝑑𝐴𝐴𝑙𝑙
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑝𝑝 × (𝐶𝐶𝑎𝑎𝑑𝑑𝑎𝑎 − 𝐶𝐶𝑒𝑒𝑒𝑒) + 𝑄𝑄𝑐𝑐 × (𝐶𝐶𝑣𝑣 − 𝐶𝐶𝑎𝑎𝑎𝑎)      Eq. 4 

𝐶𝐶𝑎𝑎 = 𝐴𝐴𝑎𝑎/𝑉𝑉𝑎𝑎          Eq. 5 
𝐶𝐶𝑎𝑎𝑎𝑎 = 𝐶𝐶𝑎𝑎/𝑃𝑃𝑎𝑎          Eq. 6 
𝐶𝐶𝑒𝑒𝑒𝑒 = 𝐶𝐶𝑎𝑎𝑎𝑎/𝑃𝑃𝑏𝑏𝑎𝑎          Eq. 7 
𝑑𝑑𝐴𝐴𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑐𝑐 × (𝐶𝐶𝑎𝑎 − 𝐶𝐶𝑣𝑣𝑣𝑣𝑏𝑏)        Eq. 8 

𝐶𝐶𝑣𝑣𝑏𝑏 = 𝐴𝐴𝑣𝑣𝑏𝑏/𝑉𝑉𝑣𝑣𝑏𝑏          Eq. 9 
𝐶𝐶𝑣𝑣𝑣𝑣𝑏𝑏 = 𝐶𝐶𝑣𝑣𝑏𝑏/𝑃𝑃𝑣𝑣𝑏𝑏          Eq. 10 
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Parameters were acquired from published literature (Becker and Rosenberg 2008, Eger 2004. ICRP 2002, 
Kety et al. 1948, Munson et al. 1978) (Table 12). The pharmacokinetic model was coded in acslXtreme 
3.0.2.1 (Aegis Technology, Huntsville, Alabama). 

Table 18. Parameters used For Nitrous Oxide Pharmacokinetic Model Simulations 
Parameter Value Reference 
Volume (fraction of body weight)   

Blood 0.0726 ICRP 89 2002 
Lung 0.0247 ICRP 89 2002 

Partition Coefficients (unitless)   
Pblood 0.47 Becker et al. 2008 
Plung blood 1 Assumptiona 
Prest of body blood 1 Assumptiona 

Alveolar Ventilation Rate (L/hr/bwt0.75)   
Munson Wash-In 17.9 Munson et al. 1978 
Munson Wash-Out 20.1 Munson et al. 1978 
Reference 24.8 ICRP 89 2002 
Light Exercise 40.2 ICRP 89 2002 
Heavy Exercise 80.5 ICRP 89 2002 

Other Parameters   
Cardiac Output (L/hr/bwt0.75) 15.3 Measured 
Body Weight (kg) 73 ICRP 89 2002 

aWith the exception of fat, other reported values for Ptissue:air are very similar those for Pblood:air, suggesting that 1 
is the appropriate value (Becker and Rosenberg 2008, Eger 2004, Kety et al. 1948). 

3.2.1.2 Results 

Using parameters from the literature, the nitrous oxide pharmacokinetic model was able to accurately 
simulate measured ratios of nitrous oxide concentrations in exhaled:inhaled air from humans exposed to 
1.88% nitrous oxide during both wash-in and wash-out phases (Figure 6) (Munson et al. 1978). Model 
simulations described nitrous oxide concentrations in exhaled:inhaled air quite accurately during the 
wash-in phase and slightly over-predict that same ratio during the wash-out phase (Figure 6). 

 

Figure 6. Ratios of Nitrous Oxide Concentrations in Exhaled:Inhaled Air (Cex:Cin) from Humans 
Exposed to 1.88% Nitrous Oxide Post-Prandial during Both Wash-In (30 min) and Wash-Out 
Phases (30 min) (Munson et al. 1978). Line is the pharmacokinetic model simulation of data. 
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The pharmacokinetic model was used to predict blood concentrations following an 8-hr exposure to the 
HTFOEL (50 ppm). At this exposure level, the model predicts that the concentration of nitrous oxide in 
blood will equilibrate at 533.9 mM (Figure 7). The steady-state equilibrium nitrous oxide concentration 
occurs in slightly less than 1 hr (Figures 6 and 7), suggesting that the nitrous oxide concentration in blood 
will be lower after a 15-min exposure compared to an 8-hr exposure. As such, a ceiling value for 
protection at exposures less than 1 hr is probably overly conservative. 

 
Figure 7. Pharmacokinetic Model Simulations of Nitrous Oxide Concentration Ratios in 

Exhaled:Inhaled Air (Cex:Cin) (A) and Concentrations of Nitrous Oxide in Blood  
(B) of Humans Exposed to 50 ppm of Nitrous Oxide for 8 hr (i.e., HTFOEL) 

The pharmacokinetic model was used to predict nitrous oxide exposure concentrations needed to achieve 
533.9 mM nitrous oxide in blood (blood levels following an 8-hr exposure to the HTFOEL) after exposure 
for 15 min. In general, the greater the ventilation rate, the faster steady-state equilibrium is reached. 
Because ventilation rates depend on the level of physical activity, three different scenarios were 
considered for determining TECs: 1) reference (standard), 2) light exercise, and 3) heavy exercise  
(Table 13). The pharmacokinetic model predicted TECs ranging from 70 to 77.5 ppm depending on 
ventilation rate for the reference, light exercise, and heavy exercise scenarios (Table 13). TECs can be 
applied and communicated for the appropriate level of physical activity conducted by HTF staff. 

Table 19. Calculated TECs for Nitrous Oxide under Various Ventilation Rates 
Condition TEC (ppm) 
Reference 77.5 
Light Exercise 73 
Heavy Exercise 70 

 Recommendations 

Of the 16 COPCs with a potential for TEC development, acute regulatory guidelines from IH programs  
or foreign authoritative bodies have been identified for 12 COPCS. Of these 12 COPCs, values reported 
for nitrosamines (4 chemicals total) are not recommended because of the cancer risk associated with this 
class of chemicals and the fact that the acute and chronic regulatory values are generally similar, which 
indicates a need to understand the technical basis for the acute regulatory guidelines in greater detail. A 
preliminary investigation for acute toxicity information related to nitrosamine-class chemicals yielded 
very little data, and we do not anticipate developing TECs for the nitrosamines based on lack of sufficient 
acute toxicity data. Nitrosamine-class chemicals should be monitored for emerging toxicity data that 
would support TEC development in future efforts where feasible. One COPC (nitrous oxide) has been 
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used as an example for the TEC development process, leaving three COPCs for TEC development. Of the 
remaining three COPCs (propanenitrile, butanenitrile, and 2,4-dimethylpyridine), we anticipate that 
sufficient experimental data exists for TEC development, and we propose completion of a more in-depth 
investigation to finish this task. We suggest an incremental increase in funding for the following tasks: 

1. Complete the literature search to define available acute toxicity data for propanenitrile, 
butanenitrile, 2,4-dimethylpyridine, and nitrosamines. 

2. Determine the technical basis for the range of acute regulatory guidelines for 1-Butanol to complete 
the recommendation for this COPC. 

3. Identify which of the remaining COPCs have sufficient acute toxicity data for TEC development. 

4. Develop TECs for the remaining COPCs with sufficient acute toxicity data. 

3.3 Direct Measurement of Mixtures Respiratory Effects 

The CMM approach can enable a rapid computational method that can be used to predict the toxicity of 
chemical mixtures from tank vapors using input values representing realistic quantified concentrations of 
individual chemical components of the mixture. This could enable convenient evaluation of tank farm-
specific activities where chemical mixtures may pose a health concern and should be examined in greater 
detail. The latter could be particularly important if CMM predictions are integrated with real- or near real-
time monitoring systems and leading indicators being developed by the IH team. However, it is 
imperative that toxicity information for each chemical being modeled by the CMM is accurate, which is 
not always the case. Some COPCs have regulatory-imposed values based on a paucity of data or on 
surrogate compounds that may not provide the desired accuracy in their toxic potential. The default 
assumption of the CMM is that all chemical interactions are additive, which specifically excludes the 
possibility of non-additive interactions (e.g., synergy, antagonism, potentiation, etc.). This default 
assumption, although not unreasonable, confers additional uncertainties in the CMM predictions. The 
TVAT report raised questions related to toxicants in tank vapors not currently addressed in COPC 
measurements, such as the presence of free radicals. HCNs used in the CMM may not be comprehensive 
due to study focus, route of exposure, and species under study. A streamlined method to rapidly assess the 
toxic potential of tank vapors can provide vital supporting experimental data to address many of these 
uncertainties. It is feasible to directly evaluate the toxic potential of complex tank vapor samples and 
compare the results with CMM predictions of their toxic potential using an experimental human lung test 
system. Strong agreement between experimental and computational results would provide the validation 
needed to support high-confidence application of the CMM to the monitoring of chemical mitures toxicity 
broadly within the HTFs. Disagreement would indicate a need to understand the technical basis for the 
discordance between experimental and computational results. It is envisioned that only a limited 
experimental assessment of selected tanks would be needed to complete this goal. Establishing a platform 
for directly quantifying the toxic potential of tank vapor chemical mixtures also could have important 
applications for relating the toxic potential of tank vapors to a benchmark chemical for the purposes of 
risk communication. 

In Appendix G, we describe a feasible in vitro assay system to directly quantify the toxic potential of tank 
vapors to support the IH program and develop an improved understanding of tank vapor chemical 
mixtures toxicity. Used in concert with the CMM, a direct testing strategy can reduce the uncertainties 
inherent to computational predictions of chemical mixtures toxicity and validate the application of the 
CMM more broadly for rapidly assessing hazards at various locations throughout the HTFs. This strategy 
is described here as a starting point for consideration in future efforts to reduce health risks associated 
with tank vapor chemical mixtures. 
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Relative to conventional toxicological testing paradigms, the direct experimental testing strategy we 
propose is uniquely practical and streamlined. The test system leverages state-of-art human lung 
organotypic culture methods developed at PNNL (patent pending). In traditional chemical mixture 
toxicity testing, each chemical constituent is identified (which is problematic because most chemicals in 
tank vapors are unidentifiable). Then, individual and mixture toxicity testing is completed (after sufficient 
quantities are synthesized for testing). The approach being proposed would enable quantification of the 
composite toxicity of real chemical mixtures from tank source/headspace samples. Toxicity would be 
benchmarked against known respiratory irritants such as acetaldehyde, correlated with concentrations of 
indicator compounds, and presented in a form that allows extrapolation to concentrations expected in 
work areas. For example, using the mixtures and dilutions of the mixtures, we could determine dilutions 
of tank head space that lead to no observed effects on respiratory tissues. Merged with monitoring or 
exposure modeling (i.e., CMM), conclusions could be drawn about the possibility that actual tank farm 
chemical mixture exposures cause respiratory effects. We envision producing data on the toxicity of tank 
farm vapors that accurately report the potential for irritation, could be quantitatively compared to known 
irritants, and could be used directly to understand the potential for effects in workers. 

Development of this testing strategy will take into consideration 1) whether leading indicators can be 
leveraged to predict the toxicity of complex tank vapor samples without need for exhaustive analysis of 
all chemical constituents and 2) how well the current COPC knowledge base represents the toxic potential 
of any given tank source or headspace sample. Details of the approach are provided in Appendix G. 
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Appendix A − Summary of COPCs and non-COPCs with 
Updated Health Code Numbers 

Table A.1. COPCs with Developed or Updated Chronic Health Code Numbers (HCN). 

Number Chemical Name CAS Number 
1 Nitrous Oxide 10024-97-2 
2 Methanol 67-56-1 
2 3-Methyl-3-butene-2-one 814-78-8 
3 4-Methyl-2-hexanone 105-42-0 
4 2,3-Dihydrofuran 1191-99-7 
5 2,5-Dihydrofuran 1708-29-8 
6 2-Methylfuran 534-22-5 
7 2,5-Dimethylfuran 625-86-5 
8 2-Ethyl-5-methylfuran 1703-52-2 
9 4-(1-Methylpropyl)-2,3-dihydrofuran 34379-54-9 
10 3-(1,1-Dimethylethyl)-2,3-dihydrofuran 34314-82-4 
11 2-Pentylfuran 3777-69-3 
12 2-Heptylfuran 3777-71-7 
13 2-Propylfuran 4229-91-8 
14 2-Octylfuran 4179-38-8 
15 2-(3-Oxo-3-phenylprop-1-enyl)furan 717-21-5 
16 2-(2-Methyl-6-oxoheptyl)furan 51595-87-0 
17 Heptanenitrile 629-08-3 
18 2,4-Pentadienenitrile  1615-70-9 
19 N-Nitrosodimethylamine 62-75-9 
20 N-Nitrosodiethylamine 55-18-5 
21 N-Nitrosomethylethylamine 10595-95-6 
22 N-Nitrosomorpholine 59-89-2 
23 2,4-Dimethylpyridine  108-47-4 
24 Methyl nitrite 624-91-9 
25 Butyl nitrate 928-45-0 
26 2-Nitro-2-methylpropane 594-70-7 
27 1,2,3-Propanetriol, 1,3-dinitrate 623-87-0 
28, Dimethyl mercury 593-74-8 

 

 

 

 



 

A.2 

Table A.2. COPCs with Developed or Updated Acute HCNs 

Number Chemical Name CAS Number 
1 Nitrous Oxide 10024-97-2 
2 Methanol 67-56-1 
2 3-Methyl-3-butene-2-one 814-78-8 
3 4-Methyl-2-hexanone 105-42-0 
4 2,3-Dihydrofuran 1191-99-7 
5 2,5-Dihydrofuran 1708-29-8 
6 2-Methylfuran 534-22-5 
7 2,5-Dimethylfuran 625-86-5 
8 2-Ethyl-5-methylfuran 1703-52-2 
9 4-(1-Methylpropyl)-2,3-dihydrofuran 34379-54-9 
10 3-(1,1-Dimethylethyl)-2,3-dihydrofuran 34314-82-4 
11 2-Pentylfuran 3777-69-3 
12 2-Heptylfuran 3777-71-7 
13 2-Propylfuran 4229-91-8 
14 2-Octylfuran 4179-38-8 
15 2-(3-Oxo-3-phenylprop-1-enyl)furan 717-21-5 
16 2-(2-Methyl-6-oxoheptyl)furan 51595-87-0 
17 Heptanenitrile 629-08-3 
18 2,4-Pentadienenitrile 1615-70-9 
19 N-Nitrosodimethylamine 62-75-9 
20 N-Nitrosodiethylamine 55-18-5 
21 N-Nitrosomethylethylamine 10595-95-6 
22 N-Nitrosomorpholine 59-89-2 
23 2,4-Dimethylpyridine  108-47-4 
24 Methyl nitrite 624-91-9 
25 Butyl nitrate 928-45-0 
26 2-Nitro-2-methylpropane 594-70-7 
27 1,2,3-Propanetriol, 1,3-dinitrate 623-87-0 
28 Dimethyl mercury 593-74-8 
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Table A.3. Non-COPCs with Updated or Developed Chronic HCNs 

# Compound CAS OEL (ppm) Type 
1 Toluene 108-88-3 20 Non-COPC 
2 n-Hexane 110-54-3 50 Non-COPC 
3 Dimethylamine 124-40-3 5 Non-COPC 
4 Carbon Tetrachloride 56-23-5 5 Non-COPC 
5 N-Nitrosodipropylamine 621-64-7 0.001 Non-COPC 
6 N-Nitrosodibutylamine 924-16-3 0.004 Non-COPC 
7 Acetophenone 98-86-2 10 Non-COPC 
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Appendix B − Development of Chronic Health Code Numbers for Ammonia 

Table B.1. Example of the Development of Chronic Health Code Numbers for Ammonia 

 

HCN 
No. 

HCN References 
AEGL 2007 ERPG 2014 HSDB (October 2016) RTECS (June 2017) 

1 10.00 

Focal or diffuse interstitial pneumonitis in the 
lungs, bronchial epithelial calcification (rat, 
672 ppm, 90 days); pathologic lesions 
(rhinitis and necrosis in nasal cavity) (mouse, 
inhalation, 711 ppm, 9-14days) 

Hemorrhagic 
lesions in lungs 
and lung 
congestion (dog 
and rabbit, 
inhalation,  
677 ppm, 90 days) 

  Emphysema (human, inhalation,  
20 mg/m3, 5 years) 

2 3.09 

Renal tubular calcification (rat, 672 ppm, 90 
days) 

  Epithelial calcification in renal 
tubules (rat, 470 mg/m3,  
90 days) 

Changes in tubules (pigs, inhalation, 
470 mg/m3, 90 days); changes in 
kidney weight (mouse, inhalation, 
0.058mg/m3, 18 days) 

3 3.02     Increased blood destruction 
(guinea pig, 170 ppm, 90 days) 

  

4 3.07       Gastrointestinal: other changes (rat, 
oral, 173 mg/kg, 4 weeks) 

5 3.06 
  Corneal opacity 

(rabbit, inhalation, 
677 ppm, 90 days) 

  Corneal damage (rabbit, inhalation,470 
mg/m3, 90 days); lacrimation (dog, 
inhalation, 470 mg/m3/8H, 90 days) 

6 3.05 
    Hyperammonemia can provoke 

irreversible damage to the 
developing brain. 

 

7 7.11       Recordings from specific areas of CNS 
(rat, inhalation, 960 mg/m3, 17 weeks) 

8 7.10       Muscle weakness (human, 20 mg/m3,  
5 years) 

9 3.10 Fatty changes in the liver (rat, 672 ppm, 90 
days) 

  Fatty changes of liver (rat,  
642 ppm, 90 days) 

  

10 3.08 Myocardial fibrosis (rat, 672 ppm, 90 days)   Myocardial fibrosis (rat, dogs, 
inhalation, 653 ppm, 90 days) 
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Appendix C 
 

Screenshots of Output Spreadsheets of Chemical Mixture Methodology Testing 
Results 

Table C.1. Partial Output Results Presented in the “HIs by TOSE” Spreadsheet of Scenario 1 
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Table C.2. Partial Output Results Presented in the “HIs by STOE” Spreadsheet of Scenario 1 
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Table C.3. CMM Analysis Summary Shown in the “Output” Spreadsheet of Scenario 1 
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Table C.4. CMM Analysis Summary Shown in the “Output” Spreadsheet of Scenario 2 

 

Bold red numbers indicate mixture HI for all chemicals (∑HIi) or STOE category (∑HIi, ρ) >1.00.  
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Table C.5 CMM Analysis Summary Shown in the “Output” Spreadsheet of Scenario 3 
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Table C.6. CMM Analysis Summary Shown in the “Output” Spreadsheet of Scenario 4 
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Appendix D 
 

Standard Operating Procedure for Developing Hanford Tank 
Farm Transient Exposure Concentration (HTFTEC) for Tank 

Waste Exposures to Non-Carcinogens 

D.1 Purpose 

A large number of volatile compounds have been identified in the headspaces of single- and double-
shelled tanks used to store mixed chemicals and radioactive waste at the Hanford Site. Concern for 
potential exposure of workers to vapors during tank farm operations has prompted efforts to evaluate the 
potential health risk associated with exposure to these chemicals. The TVAT recommended improving the 
basis for understanding the potential for health impacts from both chronic and short-term or acute 
exposures. Short-term exposure limits and longer-term OEL have been established for many of the 
COPCs where existing OELs from authoritative bodies were available. There is a need to now examine 
the toxicity literature for information that would support understanding the nature and potential for effects 
of short-term exposure to COPCs without existing OELs. 

The Transient Exposure Concentration (TEC) term defines an exposure concentration where short-term 
discomfort, irritation, or other temporary effect may be experienced by the exposed individual without 
long-term, irreversible impacts. The TEC term was proposed for use where the objective was to 
summarize existing exposure-effect information for a compound to 1) understand the state of the science 
and adequacy of existing data for the compounds, 2) catalog the types of effects, and 3) document levels 
of exposure likely to be without these effects for purposes of risk communication, not regulation. Within 
HTF operations, HTFTECs derived for compounds without OELs would be used to communicate the kinds 
of effects that could result from acute exposure, concentrations effects would likely occur, and 
concentrations below which they would likely not occur. HTFTECs are not intended to be used as exposure 
guidelines as OELs are. The methodology for HTFTEC derivation and documentation is similar to those 
historically used for derivation of OELs, but the outcome is informational rather than regulatory. 

This Standard Operating Procedure document details the process for establishing a HTFTEC to non-
carcinogenic chemicals or family of COPC that have been identified in the tank waste headspace at or 
above preliminary screening values. 

D.2 Approach for Derivation of TECs 

D.2.1 Overview of Approach 

The National Academy of Science (1983; 1991; GAO, 2001) has provided overall guidance for chemical 
risk assessment as further developed and applied by U.S. regulatory agencies. The process for 
establishing an HTFTEC for tank waste chemical exposure is modeled upon the general approach for 
derivation of AEGLs (Appendix D.2, Figure D.1). Adjustments to the AEGL approach will be made, 
where necessary, based upon the generalized scientific approaches used by OSHA and ACGIH to 
establish recommended OELs for short-term worker exposure. The target exposure period is 15 minutes. 
In addition, where appropriate, the scientific approach used by other regulatory agencies such as the EPA 
to establish reference concentrations for airborne pollutants will be considered. 
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Figure D.1. Process for Establishing TECs Showing Key Decision Points and Selected Elements of the AEGL 
Method 

The approach first requires identifying specific chemical agents or classes of chemical agents that are 
detected in the tank headspace at or above previously established screening levels. Chemical agents that 
exceed the screening values will undergo a more extensive evaluation with the goal of establishing an 
HTFTEC for tank farms operations. The first step, a detailed review of relevant short-term exposure values 
(STEL, PEL, AEGL, ERPG, etc.) has already concluded, producing a list of compounds for which TEC 
derivation will require use of primary data in the open literature when available. 
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The key steps in the derivation of TECs are 1) comprehensive search and evaluation of available 
epidemiology and toxicology information to identify potential hazards, select critical effects, and  
dose-response data to determine suitable exposure levels (Haber and Maier 2002); 2) evaluation of  
data for a determination of adequacy for the TEC derivation 3); Consideration of surrogate chemicals;  
4) determining or calculating a point of departure (POD); 5) determining appropriate uncertainty factors 
and modifying factors (MFs); 6) deriving the TEC; 7) review and adoption; and 8) reporting, including 
transparent and comprehensive narrative on uncertainty. The most completely documented approach for 
derivation of exposure limits by an authoritative body is the AEGL guidelines (National Research Council 
2001). Where guidance exists in the AEGL guidelines for each of these steps, they will be adopted for 
use. Where guidance is missing, standard approaches used by other authoritative bodies like the EPA will 
be adopted. 

We propose to limit TEC derivation to compounds for which there are adequate data based on criteria 
used for AEGLs. Second tier assessments may be conducted for compounds without sufficient data when 
strong data on surrogates, with clear supporting data indicating a mechanism-based or empirical data 
based justification. An example would be the use of Toxic Equivalency Factors used by EPA, which 
would be considered sufficient data to justify use of a surrogate chemical. The goal is to clearly 
distinguish compounds for which TECs can be derived with confidence from those which cannot. 

Before establishing and implementing a formal HTFTEC for worker protection in the tank farms, the 
proposed exposure level for a given chemical and/or chemical class will be submitted to the Exposure 
Assessment Strategy Review Group and External Advisory Committee for peer review. Ideally, peer 
reviewers will include a range of health and science professionals, which could include representatives 
from occupational medicine, toxicology, risk assessment, IH, health physics, and worker groups. The 
objective of the review will be to critically assess the rationale for establishing the HTFTEC, provide the 
broad base of stakeholders an understanding of the rationale for the HTFTEC, and provide stakeholders an 
opportunity to submit appropriate input in the assessment. 

D.2.2 Detailed Approach 

D.2.2.1 Database and Literature Evaluation 

Database Searches. Relevant human exposure, epidemiology, and toxicological information will be 
considered in establishing HTFTECs. A methodical analysis of the available literature as it relates to hazard 
identification and quantitative dose-response toxicity evaluation is central to the HTFTEC assessment 
process. Internet databases such as TOXNET, TOMES, PUBMED, International Agency for Research 
on Cancer, RTECS, and/or STN, should be utilized as primary sources for initiating searches, and the 
searches should include both the name and Chemical Abstracts Service (CAS) registry number of the 
compound of interest (see Table 1). These databases contain information applicable to toxicological 
assessment of chemicals, and the information they provide may overlap. For example, both TOXNET 
and TOMES contain the RTECS and HSDB files. If RTECS and/or HSDB files do not exist for a 
compound or are considered insufficient, the TOXNET literature and/or PUBMED databases should be 
searched and the original literature evaluated for any relevant information. If relevant information is not 
located in this manner, PUBMED may be searched directly and/or the chemical abstracts database 
searched through STN. If information is found in one or more of the above sources but is incomplete, 
conflicting or considered insufficient, other sources such as the National Institute of Environmental 
Health Sciences/National Toxicology Program, IARC, EPA and ATSDR may also be searched. 
Frequently, more in-depth information of the chemical of interest or its surrogate can be located in this 
way and may be useful in assigning an HTFTEC. 
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D.2.2.2 Hazard Assessment 

Hazard Assessment Criteria. In evaluating the toxicity profile for a chemical or chemical class, the 
assessment should be prioritized based on identification of toxic effects that are particularly relevant for 
acute occupational routes of exposure. This would include: 

• Identifying chemical agents that have a high acute toxicity potential such as Category 1 chemicals 
as defined by the Organization for Economic Cooperation and Development (OECD 2004). 
Chemicals in Category 1 were considered by OECD to have high acute toxicity potential have LD50 
and LC50 values of ≤5 mg/kg oral and ≤100 ppmV inhalation, respectively. These would be of 
particular concern if the LD50/LC50 values do not have large safety margins (<100) between 
observed toxicity and potential exposure levels. 

• Giving priority to the evaluation of studies that utilize the most relevant occupational exposure 
routes [Inhalation > Oral > dermal > others (intravenous/ intraperitoneal)]. 

• Giving priority to well-characterized dose-response toxicity studies, particularly those that include a 
more comprehensive evaluation of the toxicity, which includes quantitative in vivo (acute → sub-
chronic → chronic) experiments. 

Minimal data sets. As discussed by Haber and Maier (2002), a number of regulatory authorities including 
the Health Council of the Netherlands (HCN, 2000), and the EPA (EPA, 1994), and most importantly for 
our efforts, AEGLs, have established minimum data requirements based on the rationale that any value 
derived from data that is less than the minimum prescribed would have too much uncertainty. Those 
criteria will be adopted for use in derivation of TECs. Weight-of-evidence approaches may be considered 
(SCOEL, 1999; Haber and Maier, 2002) where adequate data are not sufficient, but there is a compelling 
need to establish a TEC. It is anticipated that the HTFTEC documentation and the peer reviewers will 
provide the means to assess the degree of confidence that should be placed on the HTFTEC. 

Use of Surrogate HTFTECs. Use of surrogates will be limited to the condition were there are strong 
mechanistic and/or other data supporting their use. In general, use of surrogates will be invoked where 
there may be a compelling need to establish a TEC for which adequate data do not exist. The basis for the 
choice of the surrogate should be explained and include a brief discussion of the rationale for the assigned 
OEL for the surrogate and novel surrogate selection approaches will be considered (Moudgal et al. 2003). 
A written assessment of the overall strengths and weaknesses of the surrogate chemical should be 
included within the HTFTEC documentation. 

D.2.2.3 Procedure for Calculating a HTFTEC 

POD. The overarching goal in evaluating the toxicity databases is to determine a POD for developing an 
HTFTEC. Haber and Maier (2002) defined the POD as the concentration to which uncertainty factors are 
applied to derive an HTFTEC (Appendix D.3). The POD is most likely the concentration level hat was 
determined from the most appropriate toxicity study. In practice, this is usually the lowest determined 
acute concentration level that was experimentally derived. It is also possible to utilize a benchmark dose 
(BMD) approach, as described below, to determine a POD, particularly when the experimental studies did 
not identify a no-observed-effect level (NOEL) (Fillipsson et al. 2003, Haber and Maier 2002, Crump 
1984, Dourson et al. 1985). 

Uncertainty Factors (UF) and MFs. As suggested by Bailey (2002) and others, there are numerous 
sources of uncertainty in the establishment of an acceptable exposure level (Dankovic et al. 2015, 
Appendix D.3). The approach used for identifying an acceptable exposure level for the general population 
or for occupational-related exposures is to adjust the acute concentration limit downward. The magnitude 
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of the downward adjustment reflects the degree of uncertainty concerning the AELs. To address these 
uncertainties, empirical factors may be used to account for inadequate experimental data, interspecies 
variability, human variability, or extrapolation for short- term to long-term studies (EPA, 2002, Dorne 
and Renwick, 2005, Dankovic, et al. 2015). In addition to uncertainty factors, additional MFs have also 
been occasionally used by some regulatory agencies such as EPA to reflect uncertainties not addressed by 
other factors. The following equation (1) will be used to calculate the HTFTEC. 

HTFTEC = Acute Concentration Limit ÷ (UF × MF)    (1) 

The application of empirical uncertainty factors to determine the HTFTEC will be based on guidance in the 
AEGL documentation. The following uncertainty and MF could be applied: 

• Extrapolation from animal data to humans (interspecies UF). This factor is intended to account for 
the uncertainty in extrapolating animal data to the case of average healthy human. It assumes that 
humans are more susceptible to the toxicity than the animal species evaluated. 

• Variability in the human population (intraspecies UF). This factor is intended to account for the 
variation in sensitivity among humans. 

• LOEL to NOAEL UF. This factor is intended to address the uncertainty associated with 
extrapolation from LOELs to NOELs. 

• Sub-chronic to chronic duration UF. This factor is intended to account for the uncertainty in 
extrapolating from less than chronic NOELs to chronic NOELs. 

• Inadequate database UF. This factor is intended to account for the inability of any single animal 
study to adequately address all possible adverse outcomes in humans. 

• MFs. This factor is intended to account for any other scientific uncertainties in the study or 
databases that are not explicitly treated by other UFs. The magnitude of the MF principally depends 
on professional judgment. 

D.2.2.4 Documentation of Confidence in TECs 

Confidence of TECs will be captured in the selection of uncertainty factors and in a narrative of 
explanation for each TEC. According to the Standard Operating Procedure for developing AEGLs, many 
of the uncertainty factors applied to the POD are based to some extent on the level of confidence of 
available data. Uncertainty factors will be applied according to AEGL documentation and a narrative 
explanation of uncertainty factor selection will be provided for each TEC. Additional qualitative 
confidence metrics based on professional judgment may also be provided. 

D.2.2.5 Format for HTFTEC Report 

The Executive Summary will be in an abstract format that reasonably communicates the overall process 
and conclusions of the analysis. A Methodology section will briefly describe the approach used for 
developing the HTFTEC; The Toxicology Summary section will review pertinent human epidemiology 
and animal toxicology results that are directly relevant to the setting of the HTFTEC. This will not entail a 
detailed description of all the available data, but will focus on the key studies and results that are pertinent 
to the evaluation. The TEC Derivation section will describe the process used for setting the HTFTEC. The 
TEC Confidence section will document the level of confidence in the TEC by referencing uncertainty 
factors with an associated narrative explanation. 



 

D.6 

D.2.2.6 Adjustments to Database 

The Health Process Plan database will be adapted to include TECs and associated documentation. The 
team developing TECs will work with the database team to include TECs and document key available 
data, POD determination, any potential adjustments to the POD, uncertainty factor selection and 
justification, and narrative of TEC Confidence. 

D.3 Databases 
 

TOXNET® The Toxicology Data Network, a set of databases covering toxicology, hazardous 
chemicals, and related areas; it is maintained by the National Library of Medicine. 
(http://toxnet.nlm.nih.gov/) 

HSDB® Hazardous Substances Data Bank. Accessible through TOXNET. Provided by the 
National Library of Medicine. 

PUBMED® PubMed, provided by the National Library of Medicine, contains citations for biomedical 
articles back to the 1950's; sources include MEDLINE and additional life science 
journals. (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed). 

RTECS® Registry of Toxic Effects of Chemical Substances, provided by Thomson Micromedex, 
Inc. Accessed through TOMES®, which has the same provider. 

D.4 References 

ACGIH (2005). ACGIH Operations manual. Threshold limit values for chemical substance committee. 
http://www.acgih.org/TLV/OpsManual.pdf 

Adkins, C., Booher, L, Culver, D., Grumbles, T., Guillmin, M., Hearl, F., Henshaw, J., Jayjock, M. A., 
Laszcz-Davis, C., Mansdorf, Z., Mirer, F. E., Mulhausen, J., Parker, III, F. M., Perkins, J. L., Ripple, S., 
Schulte, P., and Soule, R. D. (2009). Occupational Exposure Limits – Do they have a future? 
International Occupational Hygiene Association, 1-12. 

Bailey, W. H. (2002). Dealing with uncertainty in formulating occupational and public exposure limits. 
Health Phys., 83(3): 402-408. 

Crump, K. S. (1984). A new method for determining allowable daily intakes. Fund. Appl. Toxicol., 
4: 854-871. 

Dorne, J. L. C. M., and Renwick, A. G. (2005). The refinement of uncertainty/safety factors in risk 
assessment by the incorporation of data on toxicokinetic variability in humans. Toxicol. Sci., 86(1):  
20-26. 

Dourson, M. L., Hertzberg, R. C., Hartung, R., and Blackburn, K. (1985). Novel methods for estimation 
of acceptable daily intake. Toxicol. Ind. Health, 1:23-33. 

EPA (1994). U. S. Environmental Protection Agency (EPA). Methods for derivation of inhalation 
reference concentration and application of inhalation dosimetry. EPA/600/8-90/066F. 

http://toxnet.nlm.nih.gov/)
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed
http://www.acgih.org/TLV/OpsManual.pdf


 

D.7 

EPA (2000). U. S. Environmental Protection Agency (EPA). Benchmark dose technical guidance 
document. EPA/630/R-00/001. 

EPA (2002). U. S. Environmental Protection Agency (EPA). A review of the reference dose and reference 
conference process. Final report. EPA/639/P-02/002F. 

Fillipsson, A. F., Sand, S., Nilsson, J. and Victorin, K. (2003). The benchmark dose method-review of 
available models, and recommendations for application in health risk assessment. Crit. Rev. Toxicol., 
33(5):505-542. 

General Accounting Office (GAO) (2001). Chemical Risk Assessment, Selected Federal Agencies’ 
Procedures, Assumptions and Policies. GAO-01-810 

Haber, L.T. and A. Maier. (2002). Scientific criteria for the development of occupational exposure limits 
for metals and other mining-related chemicals. Reg. Toxicol. Pharmacol. 36:262-279. 

Howard, J. (2005). Setting occupational exposure limits: Are we living in a post-OEL world? U. PA. 
Journal of Labor and Employment Law., 7(3):513-528. 

Health Council of the Netherlands (HCN) (2000). Committee on updating of occupational exposure 
limits: health-based reassessment of administrative occupational exposure limits. No. 2000/150SH/000. 
Health Council of the Netherlands. 

Moudgal, C. J., Venkatapathy, R., Choudhury, H., Bruce, R. M., and Lipscomb, J. C. (2003). Application 
of QSTRs in the selection of a surrogate toxicity value for a chemical of concern. Environ. Sci. Technol. 
37:5228-5235. 

National Academy of Sciences (NAS). (1983). Risk Assessment in the Federal Government: Managing 
the Process. Washington, D.C., National Academy Press. 

National Academy of Sciences (NAS). (1994). National Research Council. Science and Judgment in Risk 
Assessment. National Academy Press, Washington, D.C. 

National Research Council (NRC). 2001. Standard Operating Procedures for Developing Acute Exposure 
Guideline Levels for Hazardous Chemicals. National Academy Press. 
DOI:https//doi.org/10.17226/10122. 

OECD (2004). Organization for Economic Co-operation and Development. Joint meeting of the chemical 
committee and the working party on chemicals, pesticides and biotechnology. Task force on 
harmonization of classification and labeling. Proposal for revision of chapter 3.1 on acute toxicity. 
ENV/JM/HCL(2004)7/REV. 

Scientific Committee on Occupational Exposure Limits (SCOEL) (1999). Methodology for the derivation 
of occupational exposure limits: key documentation. European Union, Scientific Committee on 
Occupational Exposure Limits, Luxembourg. 

Ziem, G. E. and B. I. Castleman. (1989). Threshold limit values: Historical perspectives and current 
practice. J. Occup. Med., 31(11):910-918.





 

 

 
− 

Additional Information on Occupational Exposure Limit and 
Transient Effect Concentration





 

E.1 

Appendix E 
 

Additional Information on Occupational Exposure Limit and 
Transient Effect Concentration 

E.1 Background on the Distinction between Selected Regulatory 
Occupational Exposure Limits 

There are two types of Occupational Exposure Levels (OEL) from the legal perspective. First, OELs are 
created without any legal duties with which an employer must comply. These OELs represent 
recommendation only. Both governmental agency (i.e., National Institute of Occupational Safety and 
Health) and non-governmental professional entity (i.e., American Conference of Governmental Industrial 
Hygienists [ACGIH]) establish OELs that fall into the recommended OEL category. Second, there are 
OELs, which by virtue of adoption under the rule making authority of the Occupational Safety and Health 
Administration (OSHA), or under the authority of the Mine Safety and Health Act by the Mine Safety and 
Health Administration that are legally binding on a covered employer. Both OSHA and Mine Safety 
Administration are agencies of the U.S. Department of Labor (Howard 2005). 

Besides OSHA and the Mine Safety and Health Act, the National Institute of Occupational Safety and 
Health is an arm of the Centers for Disease Control and makes recommendations to OSHA regarding 
OEL values. The ACGIH is a private organization that recommends OEL values to industry for voluntary 
application. Other human exposure standards have been published; e.g., by Emergency Response 
Planning Guideline, American Industrial Hygienist Association, Acute Exposure Guideline Levels, U.S. 
Environmental Protection Agency, and others. The DOE mandates the need to comply with the OSHA 
and ACGIH standards in Title 10 of the Code of Federal Regulations Part 851 (10 CFR 851); in those 
cases where two standards exist, the more stringent of the two will be applied. The regulatory values will 
be considered more heavily compared to the none-regulatory ones. 
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E.2 AEGL Approach Documentation 

 

E.3 Uncertainty Factors 
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E.4 Benchmark Dose Method 

Establishing a HTFTEC Using a Benchmark Dose (BMD). As noted by Dorne and Renwick (2005) the 
utilization of a BMD as proposed by Crump (1984) defines a lower statistical confidence for the dose, 
corresponding to a predefined low level of increase in adverse effects over background. The BMD 
approach provides a more quantitative alternative to the first step in the dose-response assessment that the 
HTFTEC process (EPA 2000). This is particularly useful when a short-term exposure level has not been 
adequately defined from the experimental data. 

The approach will utilize the EPA’s BMD software that is available on the internet.14 The EPA guidance 
document (EPA, 2000) provides a detailed discussion on a number of important considerations including 
the types of studies that are appropriate for BMD, selection of the benchmark response values, choice of 
models for computing BMD, and details concerning the computation of confidence limits for the BMD. 
Based on the EPA criteria, a 10% response is at or near the limit of sensitivity in most cancer and non-
cancer bioassays, and will be used as an appropriate Effective Dose (ED10) for the BMD. As indicated in 
the EPA guidance (EPA, 2000), the primary goal of the mathematical modeling is to fit a model to dose- 
response data, particularly at the low end of the observable dose-response range. The recommended 
criteria for selection of an appropriate model for BMD limit (BMDL) computation is the Akaike’s 
Information Criterion. The values are computed for each of the models used in the BMD calculation and 
compared to select the most appropriate model from the analysis. Once a BMD value is selected, a lower 
confidence is placed on the BMD to obtain a dose (BMDL) that assures with high confidence (95%) that 
the benchmark response is not exceeded. The BMDL can then be used in the numerator of equation (1) to 
calculate an HTFTEC, as described above.

                                                      
14 http://www.epa.gov/ncea/bmds.htm 

http://www.epa.gov/ncea/bmds.htm
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Screenshots of the CMM Module in the Tableau Platform 

 
Figure F.1. TOSE and STOE used in the CMM module in Tableau 



 

F.2 

 
 

Figure F.2. Screenshot of TOSE and STOE Caculations of the Sum of HIs for all Surveyed Tank Farms 
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Figure F.3. Sum of HIs Calculated Based on the TOSE and STOE Grouping for all Surveyed Personal Samples in Tank Farms 
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Figure F.4 Sum of HIs Based on TOSE and STOE from Personal Samples from all Surveyed Farms 
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Figure F.5. Bar Plots of the Sums of HIs Based on TOSE and STOE from Personal Samples in all Surveyed Farms 
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Direct Measurement of Mixtures Respiratory Effects Proposal 

G.1 Introduction 

A joint effort between Pacific Northwest National Laboratory (PNNL) and Washington River Protection 
Solutions is underway to establish appropriate Occupational Exposure Limits (OEL) for Chemicals of 
Potential Concern (COPC) at the Hanford Tank Farms (HTF). COPCs range from chemicals with 
established regulatory exposure guidelines to those with little or no data that require the use of surrogate 
chemicals to establish exposure guidelines, referred to as HTF OELs (HTFOELs). Strategies for adapting 
OELs and establishing HTFOELs are generally scientifically accepted for single chemicals. 

One limitation to the standard practice of assessing single chemicals at the HTF is that exposure to tank 
vapor chemicals does not occur as single chemicals, but rather as complex mixtures of chemicals that can 
differ in both chemical class and mode-of-action. Exposure to complex chemical mixtures presents an 
important challenge to understanding risk. Chemicals in mixtures can interact to produce additive, 
synergistic, or antagonistic effects, increasing or reducing the impacts on target organ toxicity. This is 
relevant because many COPCs have known mixtures interactions and a simplified testing strategy is 
needed to reduce complexity. An additional challenge to assessing the impact of exposures to tank farm 
vapors is that some vapor components may be below levels of detection or be measurable but data are not 
sufficient to establish HTFOELs. 

Workers at tank farms have reported respiratory irritation. Respiratory irritation may arise from transient 
chemical plumes of one or more chemicals at concentrations sufficiently high to induce lung irritancy or 
exposure to chemical mixtures producing through mechanisms that are additive or synergistic. In area 
samples collected where work is performed at Hanford, no single chemical concentrations capable of 
causing the observed respiratory irritation have been reported by the tank vapors monitoring program. 
This observation suggests that chemical mixtures may be a more likely cause of lung irritancy to workers, 
although irritation cause by exposure to single chemicals cannot be ruled out. Efforts currently are 
underway to predict COPC mixture toxicity in silico by assuming additive responses grouped by mode-
of-action or target organ effects. In theory, dose addition is a reasonable approach for assessing possible 
health effects and establishing OEL guidelines. However, these types of approaches do not take into 
account the potential for synergistic effects, do not include compounds present at low, undetectable 
concentrations, and do not consider mixture effects of chemicals outside of those binned by mode-of-
action or target organ. These uncertainties are common to standard chemical mixtures risk assessment 
approaches. 

The European Commission has developed a report addressing the toxicity and assessment of chemical 
mixtures that is relevant to mixtures toxicology at the Hanford Site. Conclusions from this report suggest 
that:  

• Chemicals can act jointly to modify toxicity 

• Chemicals with a common mode-of-action can produce combination effects that are larger than the 
effects of the single chemicals (additive/synergistic). 

• Chemicals with different modes-of-action show little mixtures toxicity if the individual chemicals 
are present at or below their zero-effect levels. 
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• Interactions (including antagonism, potentiation, and synergies) usually occur at medium or high 
dose levels and are unlikely to occur at low exposure levels.  

Chemicals originating from tank vapors on the Hanford Site are present at low concentrations (below 
available OEL guidelines). Therefore, facets of the European Commission report related to mixtures 
toxicity may be relevant to the low concentrations of chemicals at Hanford. 

We propose a direct experimental testing strategy that will enable quantification of the composite toxicity 
of tank source/headspace. In contrast to a decades-long research program to identify each constituent 
(most are unidentifiable) and conducting individual toxicity tests (after quantities are synthesized for 
testing) and mixtures toxicity tests at estimated concentrations of most COPCs, we propose direct 
assessment of mixtures in a short-term program. Toxicity will be benchmarked against known respiratory 
irritants such acetaldehyde, correlated with concentrations of indicator compounds, and presented in a 
form that allows extrapolation to concentrations expected in work areas. We envision the production of 
data on the toxicity of tank farm vapors that accurately reports the potential for irritation in the complex 
mixture, can be quantitatively compared to known irritants and be used directly to understand the 
potential for effects in workers. 

Development of this testing strategy will take into consideration 1) whether leading indicators can be 
leveraged to predict the toxicity of complex tank vapor samples without need for exhaustive analysis of 
all chemical constituents and 2) how well the current COPC knowledge base represents the toxic potential 
of any given tank vapor source or headspace sample. 

To achieve our overarching goal, we will adapt an existing human lung organotypic culture platform 
(Figure G.1) developed at PNNL to quantify the toxic potential of tank source samples as proof-of-
concept (patent pending). Short-term goals will establish toxicity readouts in the organotypic culture, and 
long-term goals will advance this capability as resource for the Industrial Hygiene (IH) program. 

 

Figure G.1. Overview of the Lung Organotypic Culture System Developed for Multispecies 
Comparisons And Risk Assessment 

Respiratory effects are a primary concern for workers on tank farms and our human lung organotypic 
culture system mimics key aspects of lung physiology, including production of lung surfactants and a 
visible mucous layer when grown at air-liquid interface. The organotypic culture also has the flexibility of 
using lung epithelial cells from different regions (e.g., trachea vs. deep lung) or species (currently human 
and rabbit) to support chemical risk assessment. PNNL is a world leader in computational approaches for 
pulmonary toxicology, and has developed a suite of software tools that can be used too predict regional 
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lung tissue dose based on air concentrations and respiratory rates. No other organization houses these 
combined capabilities; therefore, PNNL is in a unique position to focus these tools on the assessment of 
tank vapor chemical mixtures toxicity. Primary lung epithelial cells are cultured on transwell inserts and 
brought to air-liquid interface to stimulate the production of differentiated features. The epithelial cells 
express mucus/surfactant proteins as shown with MUC5A staining, form an efficient epithelial barrier, 
and are positive for sialic acid differentiation markers. Optimized growth media formulations have been 
developed to support the integration of multiple cell types within the organotypic culture platform. The 
system is currently used to measure the lung response to inhaled pathogens and can be extended to 
examining the response to inhaled irritants and toxicants. 

G.2 Task 1. Proof-of-Concept 

Task 1 will adapt the existing human lung organotypic culture to measurements of tank source toxic 
potential. This will require development of an exposure system and demonstration of assays used to 
quantify tank vapor toxic potential. Finally, tank source samples will be directly assessed as proof-of-
concept. Toxicity of source samples will be related to leading indicator concentrations. This is of potential 
interest because a focus on leading indicators, although higher risk, may eliminate the need to 
exhaustively identify all vapor constituents if they are found to have a capability to predict the toxicity 
potential of tank vapors. Alternatively, the adequacy of the COPC knowledge base for predicting tank 
vapor toxic potential and concentrations of individual COPCs required for mixtures toxicity can be 
pursued as a tractable approach. 

Selection of COPCs/benchmark chemical: Lung organotypic cultures will be exposed to selected COPCs 
(ammonia, acetaldehyde) or benchmark chemical (acrolein) known to induce damage to lung epithelial 
cells. Stress-responsive gene expression profiling is expected to provide the sensitivity needed to detect 
respiratory irritants at low dose exposures and toxicity assays will be down-selected based on the 
experimental results. 

G.2.1 Task 1.1. Develop Exposure System for Proof-Of-Concept Experiments 

Commercial exposure systems capable of precisely delivering defined concentrations of individual gases 
or gas mixtures are available (VITROCELL). Prior to committing to this system, we will construct an 
inexpensive gas exposure chamber capable of housing cell culture plates containing normal human lung 
epithelial cells grown at air-liquid-interface (Figure G.2) to establish proof-of-concept. Exposure of lung 
epithelial cells to COPCs or benchmark chemicals will be accomplished using gas cylinders connected to 
a mixing chamber. A sampling port in the mixing chamber will enable us to capture an aliquot of the 
exposure air stream for analytical analysis. Cells will be exposed to individual or mixtures of chemicals at 
a constant flow rate for 15–30 min. The exhaust port will be connected to a carbon trap to capture gas 
vapors exiting the exposure chamber. The exposure chamber also will be housed in a fume hood during 
exposures as an added safety measure and to safely vent chemicals not efficiently captured in the carbon 
trap. 

G.2.2 Task 1.2. Establish Overt Toxicity Measurement 

COPCs and acrolein will be purchased commercially and dilutions made by mixing with 82% 
nitrogen/18% oxygen gas (control air). A sample of the chemical concentration entering the chamber will 
be captured from the mixing chamber sampling port using a Tedlar bag. Chemical concentrations will be 
quantified using the appropriate analytical method for each COPC. Serial dilution will be used to 
establish a dose-response curve for COPCs and a benchmark chemical with the goal of identifying a toxic 
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dose using an assay that measures mitochondrial metabolic activity as an index of cell viability. Initially, 
cells will be exposed to chemicals for 30 min and toxicity will be determined at 24–72 hr. Exposure 
parameters will be optimized empirically. 

 

Figure G.2. In Vitro Exposure Chamber for Proof-of-Concept Studies Using Human Lung Epithelial 
Cells Grown at Air-Liquid Interface 

G.2.3 Task 1.3. Establish Stress-Responsive Gene Measurement 

The induction of stress-responsive genes will be quantified in parallel with the overt toxicity 
measurement. The expectation is that tank vapor chemicals from source samples will be at concentrations 
below those inducing overt toxicity. At these low dose exposures, the induction of stress-responsive genes 
can provide the sensitivity needed to accurately quantify damage at the cellular level. Moreover, gene 
expression patterns induced by chemicals are often predictive for modes-of-action causing the cellular 
damage. We will establish stress-responsive gene expression patterns induced by COPCs or benchmark 
chemical in our organotypic culture platform. There are many stress-responsive genes induced by inhaled 
toxicants in lung epithelial cells. We have selected an initial panel of genes that are broadly induced by 
inhaled toxicants or specifically induced by the selected COPCs or acrolein (IL-8, IL-6, IL-1β, ICAM-1, 
CCL2, CCL5, TLR4, HO-1, PTGS2, NQ01, HSP70, HSP40). Peak induction of genes will be defined to 
guide assessment of the toxicity of tank source samples in Task 1.4. 

G.2.4 Task 1.4. Determine Whether Tank Source Samples Induce Overt Toxicity 
or Stress-Responsive Genes 

Source samples will be collected in Tedlar bags that, in turn, will be used to expose human lung epithelial 
cells to tank vapor chemical mixtures. A single tank will be selected for sampling, based on guidance 
from the IH program. Source samples will be obtained from multiple days to determine reproducibility of 
the toxic response. Tedlar bags will be vented into the exposure chamber housing lung organotypic 
cultures for 30 min and overt toxicity and stress-responsive gene measurements determined at optimal 
time points. In parallel, COPCs present in source samples will be quantified using existing analytical 
protocols. Serial dilution of source samples with control air will be used to determine the no-effect level 
for the toxicity end point for direct comparison with the concentration of detected COPCs/leading 
indicators. Detection of a toxic response (overt or stress responsive) to source samples will provide proof-
of-concept for advancement to the next major phase of development. 
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G.3 Task 2. OEL Derivation for Vapor Mixtures 

From the composite vapor toxicity data, and corresponding toxicity data for conventional irritants tested 
side-by-side (ammonia, acrolein), comparative toxicity for the vapor will be derived. For example, from 
vapor dose-response data, we will determine the dilution required to reach a no-effect level and the 
dilution level that results in levels of irritation equivalent to a given concentration of a convention irritant. 
From these data, understandable comparative toxicity statements such as “at a 1-to-5 dilution, the 
combined effects of all chemicals present in the tank headspace is equal to 1 ppm acetaldehyde” or at the 
1:25 dilution expected in worker areas, “there is no measureable effect of the combined effects of all 
chemicals from the tank headspace.” The results of ongoing dispersion modeling would support 
calculation of the expected dilution levels in worker areas. If successful, we expect that the no-effect 
levels of the mixture could be correlated with leading indicator levels or ranges, easing reporting of 
monitoring and no-effect level reporting. 

G.4 Task 3. Future Scope − Industrial Hygiene Program Directed 
Assays 

Upon completion of proof-of-principle studies, we will have established an in vitro toxicity assay and 
framework for directly evaluating source and headspace samples for toxic potential. Our system has the 
flexibility of relating toxic potential to leading indicators as one approach to reduce complexity in the 
analysis. Alternatively, the testing strategy can be related directly to COPCs (individual and mixtures) 
detected in source and headspace samples to determine whether the current state-of-knowledge for 
COPCs accurately reflects source/headspace toxic potential. Ultimately, the proposed testing strategy can 
be used to predict COPC concentrations where the toxicity of mixtures would or would not be expected. 
Further, this system can be used as a resource to support IH program needs in assessing tank vapor 
toxicity as specific questions arise, such as will occur with computational predictions of mixtures toxicity. 
We also believe this testing strategy can be integrated with chemical dispersion modeling to predict when 
tank vapors have achieved concentrations capable of causing respiratory irritation or other health effects 
of concern to workers within definable distances from tank farms. 
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