





8. References

8.1 All documents referenced

Abreu, LDV & Johnson, PC 2005, ‘Effect of vapor
source-building separation and building construction on
soil vapor intrusion as studied with a three-dimensional
numerical model’, Environmental Science and
Technology 39(12), 4550-4561.

API (American Petroleum Institute) 1998, Assessing the
significance of subsurface contaminant vapor migration
to enclosed spaces: site-specific alternatives to generic
estimates, API| Publication No. 4674.

API (American Petroleum Institute) 2005, Collecting and
interpreting soil gas samples from the vadose zone. A
practical strategy for assessing the subsurface vapour-
to-indoor air migration pathway at petroleum hydrocarbon
sites, Regulatory Analysis and Scientific Affairs, API
Publication No. 4741.

AS (Australian Standard) 1999, Guide to the sampling
and investigation of potentially contaminated soil. Part 2:
Volatile substances, Standards Australia, AS 4482.2-1999.

AS (Australian Standard) 2003a, Workplace air quality —
Sampling and analysis of volatile organic compounds by
solvent desorption/gas chromatography. Part 1: Pumped
sampling method, AS 2986.1-2003, Standards Australia
December 20083.

AS (Australian Standard) 2003b, Workplace air quality —
Sampling and analysis of volatile organic compounds by
solvent desorption/gas chromatography, Part 2: Diffusive
sampling method, AS 2986.2-2003, Standards Australia
December 2003.

AS (Australian Standard) 2005, Guide to the investigation
and sampling of sites with potentially contaminated soil.
Part 1: Non-volatile and semi-volatile compounds,
Standards Australia, AS 4482.1-2005.

ASTM 1992, Standard guide for soil gas monitoring in the
vadose zone, D5314-92 (reapproved 2001), pp. 1161-
1196, American Society for Testing and Materials.

ASTM 1995, Standard guide for risk based corrective
action applied at petroleum release sites, Public No.
E1739-95, (reapproved 2002), American Society for
Testing and Materials.

ASTM 2005, Standard practice for environmental site
assessments: Phase | environmental site assessment
process, E1527 — 05, American Society for Testing
and Materials.

ASTM 2008, Standard practice for assessment of vapor
intrusion into structures on property involved in real estate
transactions, E2600 — 08, ASTM International.

Atlantic Richfield 2006, Recommended practices manual
for making decisions about vapor intrusion, prepared by
B Eklund & VJ Kremesec for Atlantic Richfield Company
(BP affiliated company), September 2006 (Commercial

in Confidence).

Barber C & Briegel D 1987, ‘A method for the in situ
determination of dissolved methane in groundwater in
shallow aquifers’, Journal of Contaminant Hydrology 12,
51-60.

Barber, C, Davis, GB, Briegel, D & Ward, JK 1990,
‘Factors controlling the concentration of methane and
other volatiles in groundwater and soil-gas around a waste
site’, Journal of Contaminant Hydrology 5, 155-169.

CIRIA 2007, Assessing risks posed by hazardous ground
gases to buildings, Report C665.

CIRIA 2009, The VOCs handbook: investigating, assessing
and managing risks from inhalation of VOCs at land
affected by contamination, Report C766, London.

Corapcioglu, MY & Baehr, AL 1987, ‘A compositional
multiphase model for groundwater contamination by
petroleum products: 1. Theoretical considerations’,
Water Resources Research 23(1), 191-200.

County of San Diego Department of Environmental Health
2004, Site Assessment and Mitigation (SAM) Manual.

Crumbling, DM 2002, ‘In search of representativeness:
evolving the environmental data quality model’, Quality
Assurance 9, 179-190.

Davis, GB & Barber, C 1989, ‘Methane volatilisation from
contaminated groundwater; the effects of recharge’,
Contaminant Transport in Groundwater, Int. IAHR Symp,
Stuttgart, April 1989, pp. 445-450.

CRC CARE Technical Report no. 13 = Field assessment of vapours



8. References

Davis, GB, Trefry, MG, Ohman, J & Rayner, JL 2001,
‘Nitrogen flushing field experiments to determine the
natural biodegradation of gasoline vapours in a sandy
vadose zone’, Proc. First European Bioremediation
Conference, Chania-Crete, Greece, 2-5 July 2001,
pp. 9-12.

Davis, GB, Trefry, MG & Patterson, BM 2004, Petroleum
and solvent vapours: quantifying their behaviour,
assessment and exposure, CSIRO Land and Water Report
to the Western Australian Department of Environment.

Davis, GB, Woodbury, RJ, & Bastow, TP 2004,
Investigation of the presence and distribution of subsurface
hydrocarbon vapours at the Bellevue Waste Control Site,
CSIRO Land and Water Report to the Western Australian
Department of Environment.

Davis, GB, Rayner, JL, Trefry, MG, Fisher, SJ & Patterson,
BM 2005, ‘Measurement and modelling of temporal
variations in hydrocarbon vapor behavior in a layered soil
profile’, Vadose Zone Journal 4(2), 225-239.

Davis, GB, Patterson, BM & Trefry, MG 2006, ‘Typical
behaviour of petroleum and solvent vapours: updating
our understanding from Australian field investigations’,
Enviro06: Managing Contaminated Land and Groundwater,
Melbourne, Australia, 9-11 May 2006, 8 pp.

Davis, GB, Merrick, NP & MclLaughlan, RG 2006,
Protocols and techniques for characterising sites with
subsurface petroleum hydrocarbons — a review, Technical
Report no. 2, CRC for Contamination Assessment and
Remediation of the Environment, Adelaide, Australia.

Davis, GB, Patterson, BM & Trefry, MG 2009a,
Biodegradation of petroleum hydrocarbon vapours,
Technical Report no. 12, CRC for Contamination
Assessment and Remediation of the Environment,
Adelaide, Australia.

Davis, GB, Patterson, BM & Trefry, MG 2009b, ‘Evidence
for instantaneous oxygen-limited biodegradation of
petroleum hydrocarbon vapours in the subsurface’,
Ground Water Monitoring & Remediation 29(1), 126-137.

Davis, GB, Trefry, MG and Patterson, BM 2009,
Petroleum vapour model comparison, Technical Report
no. 9, CRC for Contamination Assessment and Remediation
of the Environment, Adelaide, Australia.

Davis, JW & Carpenter, CL 1990, ‘Aerobic biodegradation
of vinyl chloride in ground-water samples’, Applied
Environmental Microbiology 56(12), 3878-3880.

DeVaull, GE 2007, ‘Indoor vapor intrusion with oxygen-
limited biodegradation for a subsurface gasoline source’,
Environmental Science and Technology 41(9), 3241-3248.

DiGuilio, DC, Paul, CJ, Cody, R, Willey, R, Clifford, S,
Kahn, P, Mosley, R, Lee, A & Christensen, K 2006,
Assessment of vapor intrusion in homes near the Raymark
Superfund site using basement and sub-slab air samples,
prepared for the US EPA, March 2006, EPA/600/R-05/147.

DTSC 2005, Guidance for the evaluation and mitigation
of subsurface vapour Intrusion to indoor air, Department
of Toxic Substances Control, California Environmental
Protection Agency, interim final, revised February 2005,
105 pp.

DTSC 2009, Vapour intrusion mitigation advisory,
Department of Toxic Substances Control, California
Environmental Protection Agency, April 2009.

Eklund, B 2007, ‘What you can learn from an airhead:
application of air quality principles to vapor intrusion
studies’, presented at AAWMA Specialty Conference,
Vapor Intrusion: Learning from the Challenges, Providence
Rhode Island, September 2007.

Eklund, BM & Schmidt, C 1990, ‘Estimation of baseline
air emissions at superfund sites’, Air/Superfund National
Technical Guidance Study Series, Vol Il, EPA-450/
1-89-002a.

Eklund, BM, Folkes, DJ, Kabel, J & Farnum, R 2007, ‘An
overview of state approaches to vapour intrusion’, EM
Magazine of the Air and Waste Management Association,
February 2007, 10-14.

Evans, D, Hers, |, Wolters, RM, Boddington, RTB & Hall,
DH 2002, Vapour transfer of soil contaminants, R&D
Technical Report P5-018/TR, Environment Agency, Rio
House, Waterside Drive, Aztec West, Aimondsbury,
Bristol BS32 4UD, UK.

Friebel, E & Nadebaum, P 2009, HSLs for petroleum
hydrocarbons in soil and groundwater — technical
development document, Technical Report no. 10: Part 1
(DRAFT), CRC for Contamination and Remediation of the
Environment, Adelaide, Australia.

Glinski J & Stepniewski, W 1985, Soil Aeration and lts
Role for Plants, CRC Press Inc Boca Raton, Florida.

Golder Associates Ltd 2007, Guidance manual for
environmental site characterisation in support of human
health risk assessment, final draft report. Volume |
Technical guidance; Volume Il Checklists; Volume I
Suggested operating procedures. Report for Health
Canada, December 2007.

CRC CARE Technical Report no. 13 * Field assessment of vapours



Golder Associates Ltd 2008, Evaluation of vadose zone
biodegradation of petroleum hydrocarbons: implications
for vapour intrusion guidance, final draft report, research
study for Health Canada and Canadian Petroleum
Products Institute, June 2008.

Grathwohl, P 1998, Diffusion in Natural Porous Medlia:
Contaminant Transport, Sorption/Desorption and
Dissolution Kinetics, Kluwer Academic Publishers, Boston.

GWMR 2009, ‘Focus issue on vapours’, Ground Water
Monitoring & Remediation vol. 29, issue 1.

Hartman, B 2002, ‘How to collect reliable soil-gas data
for upward risk assessments, Part 1: active soil-gas
method’, LUSTLine Bulletin 42, October 2002, pp. 17-22.

Hartman, B 2003, ‘How to collect reliable soil-gas data
for upward risk assessments, Part 2: surface flux-chamber
method’, LUSTLine Bulletin 44, August 2003, pp. 14-18
and 34.

Hartman, B 2006, ‘How to collect reliable soil-gas data
for risk-based applications — specifically vapor intrusion,
Part 4: updates on soil-gas collection and analytical
procedures’, LUSTLine Bulletin 53, September 2006,
pp. 14-19.

Hayes, H, Desrosiers, J, Valle, P & Anderson, E 2009,
‘Comparison of TO-15, TO-17 and a modified NIOSH
sampling method for investigating indoor air outside the
United States’, presented at AAWMA Vapor Intrusion
Conference, San Diego, January 2009.

Heggie, A & Stavropoulos, B 2008, A comparative study
of passive and active soil gas Measurement techniques
at a TCE site, 18th Annual AEHS Meeting and West
Coast Conference on Soils, Sediments, and Water,
March 10-13, 2008, San Diego.

Hodny, JW, Whetzel, JE & Anderson, HS 2007, Vapor
intrusion investigations and passive sampling, presented
at AAWMA Specialty Conference, Vapor Intrusion:
Learning from the Challenges, Providence Rhode Island,
September 2007 .

ITRC 2003, The Triad approach: a new paradigm for
environmental project management, Interstate Technology
& Regulatory Council, December 2003, 64 pp. plus
appendices.

ITRC 2007a, Vapor intrusion pathway: a practical
quideline, Technical and Regulatory Guidance prepared
by the Interstate Technology & Regulatory Council Vapor
Intrusion Team, January 2007.

8. References

ITRC 2007b, Vapor intrusion pathway: investigative
approaches for typical scenarios, (a supplement to ‘Vapor
intrusion pathway: a practical guideline’), Technical and
Regulatory Guidance Supplement prepared by the
Interstate Technology & Regulatory Council Vapor Intrusion
Team, January 2007.

Jin, Y & Jury, WA 1996, ‘Characterizing the dependence
of gas diffusion coefficient on soil properties’, Soil Science
Society of America Journal 60(1), 66-71.

Johnson, PC & Ettinger, RA 1991, ‘Heuristic model for
predicting the intrusion rate of contaminant vapors into
buildings’, Environmental Science and Technology 25(8),
1445-1452.

Kansas DHE 2007, Kansas vapour intrusion guidance.
Chemical vapour intrusion and residential indoor air,
Kansas Department of Health and Environment.

Kienbusch, MR 1986, Measurement of gaseous emission
rates from land surfaces using an emission isolation flux
chamber, users guide, EPA/600/8-86/0008, prepared for
the US EPA (United States Environmental Protection
Agency) Environmental Monitoring Systems Laboratory.

Laor Y, Ronen D & Graber ER 2003, ‘Using a passive
multilayer sampler for measuring detailed profiles of gas-
phase VOCs in the unsaturated zone’, Environmental
Science and Technology 37 (2), 352-360.

Lowell, PS & Eklund, B 2004, ‘VOC emission fluxes as a
function of lateral distances from the source’, Environmental
Progress 23(1), 52-58.

Lundegard, PD, Johnson, PC & Dahlen, P 2008, ‘Oxygen
transport from the atmosphere to soil gas beneath a
slab-on-grade foundation overlying petroleum-impacted
soil’, Environmental Science and Technology 42(15),
5534-5540.

McAlary, TA & Creamer, T 2006, ‘The effects of purge rate
and volume on sub-slab soil gas samples’, presented at
Remediation of Chlorinated and Recalcitrant Compounds,
Monterey, CA, May 2006.

McAlary, T, Groenevelt, H, Gorecki, T, Seethapathy,
S & Hayes, H 2009, ‘PDMS membrane samplers for
quantitative passive monitoring of soil vapor intrusion
to indoor air’, presented at AAWMA Vapor Intrusion
Conference, San Diego, January 2009.

McAlary, TA, Nicholson, P, Groenevelt, H & Bertrand, D
2009, ‘A case study of soil-gas sampling in silt and
clay-rich (low-permeability) soils’, Ground Water Monitoring
& Remediation 29(1), 144-152.

CRC CARE Technical Report no. 13 = Field assessment of vapours



8. References

McHugh, TE 2008, Recommendations for the investigation
of vapor intrusion. ESTCP Project ER-0423, prepared for
the Environmental Security Technology Certification
Program, April 2008.

McHugh, TE & Nickels, TN 2008, Detailed field investigation
of vapor intrusion processes, final report, ESTCP Project
ER-0423, prepared for the Environmental Security
Technology Certification Program, September 2008.

Millington, RJ & Quirk, JP 1961, ‘Permeability of porous
solids’, Transactions of the Faraday Society 57, 1200-1207.

Minnesota PCA 2008, Risk-based guidance for the vapour
intrusion pathway: Superfund RCRA and voluntary
cleanup section, Minnesota Pollution Control Agency,
September 2008.

NEPC-ASC 1999, National Environment Protection
(Assessment of Site Contamination) Measure (NEPM),
National Environmental Protection Council (NEPC), Australia.

NEPC-ASC 2006, National Environment Protection
(Assessment of Site Contamination) Measure review:
review report, National Environmental Protection Council
(NEPC) Service Corporation, Australia.

NEPC-AT 2004, National Environment Protection (Air
Toxics) Measure, National Environmental Protection
Council (NEPC), Australia.

NSW DECC 2009, ‘Guidance note on vapour intrusion’
(draft for consultation only — currently being finalised),
NSW Department of Environment and Climate Change.

NYSDOH 2006, Guidance for evaluating soil vapor
intrusion in the State of New York, New York State
Department of Health, October 2006.

Patterson, BM & Davis, GB 2008, ‘An in situ device to
measure oxygen in the vadose zone and in groundwater:
laboratory testing and field evaluation’, Ground Water
Monitoring & Remediation 28(2), 68-74.

Patterson, BM & Davis, GB 2009, ‘Quantification of
vapour intrusion pathways into a slab-on-ground building
under varying environmental conditions’, Environmental
Science and Technology 43(3), 650-656.

Patterson, BM, Davis, GB & Johnston, CD 1999,
‘Automated in situ devices for monitoring of VOCs and
oxygen in water and soil environments’, in CD Johnston
(ed.), Contaminated Site Remediation: Challenges Posed
by Urban and Industrial Contaminants, Proc. 1999
Contaminated Site Remediation Conference, Fremantle,
Western Australia, 21-25 March 1999, 227-234.

Patterson, BM, Davis, GB & McKinley, AJ 2000, ‘Volatile
organic compounds in groundwater, probes for the
analysis of’, in RA Meyers (ed.), Encyclopedia of Analytical
Chemistry: Instrumentation and Application, John Wiley
and Sons Ltd, 3515-3526.

Reinhart, DR, Cooper, DC & Walker, BL 1992, ‘Flux
chamber design and operation for the measurement
of municipal solid waste landfill gas emission rates’,
Journal of the Air and Waste Management Association
42,1067-1070.

Roggemans, S, Bruce, CL, Johnson, PC & Johnson, RL
2001, ‘Vadose zone natural attenuation of hydrocarbon

vapors: an empirical assessment of soil gas vertical profile
data’, American Petroleum Institute Bulletin No. 15, 12 pp.

Rose, CW 1966, Agricultural Physics, Pergamon Press,
New York.

Sanders, PF & Stern, AH 1994, ‘Calculation of sail cleanup
criteria for carcinogenic volatile organic compounds as
controlled by the soil-to-indoor air exposure pathway’,
Environmental Toxicology and Chemistry 13, 1367-1373.

Schumacher, BA, Zimmerman, JH, Sibert, CR, Varner,
KE & Riddick, LA 2009, ‘Macro- and micro-purge soil-
gas sampling methods for the collection of contaminant
vapors’, Groundwater Monitoring & Remediation 29(1),
138-143.

Shell Global Solutions 2005, Soil vapor sampling at Shell
retail gasoline release sites: assessing the potential for
Subsurface vapor to indoor air migration, prepared by
George DeVaull and Denis Brown, March 2005. Document
referenced with permission from Shell Global Solutions
(Commercial in Confidence).

Shell Global Solutions 2009, Vapour intrusion — petroleum
hydrocarbons: Technical Position Paper, January 2009,
Version 1.1. Document referenced with permission from
Shell Australia Pty Ltd (Commercial in Confidence).

Turczynowicz, L 2003, ‘Establishing health-based
investigation levels for benzene, toluene, ethyl benzene,
xylenes, naphthalene, and aromatic and aliphatic <EC16
TPH fractions’, in A Langley, M Gilbey & B Kennedy
(eds), Health and Environmental Assessment of Site
Contamination, Proceedings of the Fifth National
Workshop on the Assessment of Site Contamination,
Adelaide 13-15 May 2002. Published by the Australian
Environmental Protection and Heritage Council (EPHC)
incorporating the National Environmental Protection
Council (NEPC), pp.73-100.

CRC CARE Technical Report no. 13 * Field assessment of vapours



UK EA (Environment Agency) 2005, Review of building
parameters for the development of a soil vapour intrusion
model, Report P5-079/PR.

URS 2008, Flux emission sampling fieldwork procedure,
July 2008.

US DoD 2009, DoD vapor intrusion handbook, The Tri-
Service Environmental Risk Assessment Workgroup,
United States of America Department of Defense, 164 pp.

US EPA 1994, Test methods for evaluating solid waste,
physical/chemical methods (SW-846), (first approved
1994, with subsequent updates to methods), U.S.
Environmental Protection Agency, Washington, D.C.

US EPA 1995, Use of risk-based decision-making in UST
corrective action programs, OSWER Directive 9610.17,
U.S. Environmental Protection Agency, Office of Solid
Waste and Emergency Response, Ariel Rios Building,
5202G, 1200 Pennsylvania Ave, NW, Washington, D.C.
20460, March 1995.

US EPA 1999, Compendium of methods for the
determination of toxic organic compounds in ambient air,
second edition, EPA/625/R-96/010b, January 1999, U.S.
Environmental Protection Agency.

US EPA 2002, Draft guidance for evaluating the vapor
intrusion to indoor air pathway from groundwater and
Soils (subsurface vapor intrusion guidance), U.S.
Environmental Protection Agency, Office of Solid Waste
and Emergency Response, Ariel Rios Building, 5202G,
1200 Pennsylvania Ave, NW, Washington, D.C. 20460.

US EPA 2006, Guidance on systematic planning using
the Data Quality Objectives process (QA/G-4),
EPA/240/B-06/001, February 2006, U.S. Environmental
Protection Agency.

US EPA 2008, Brownfields technology primer: vapor
intrusion considerations for redevelopment, EPA 542-
R-08-001, March 2008, U.S. Environmental Protection
Agency, Office of Solid Waste and Emergency Response,
Washington, D.C. 20460.

Zimmerman, JH & Schumacher, BA 2004, ‘“To purge

or not to purge? VOC concentration changes during line
volume purging’, presentation at National Environmental
Monitoring Conference, Washington D.C., July 19-22,
2004.

8. References

8.2 Guidance documents

API (American Petroleum Institute) 1998, Assessing the
significance of subsurface contaminant vapor migration
to enclosed spaces: site-specific alternatives to generic
estimates, API Publication No. 4674.

API (American Petroleum Institute) 2005, Collecting and
interpreting soil gas samples from the vadose zone. A
practical strategy for assessing the subsurface vapour-
to-indoor air migration pathway at petroleum hydrocarbon
sites, Regulatory Analysis and Scientific Affairs, API
Publication No. 4741.

AS (Australian Standard) 1999, Guide to the sampling
and investigation of potentially contaminated soil. Part 2:
\Volatile substances, Standards Australia, AS 4482.2-1999.

AS (Australian Standard) 2003a, Workplace air quality —
Sampling and analysis of volatile organic compounds by
solvent desorption/gas chromatography, Part 1: Pumped
sampling method, AS 2986.1-2003, Standards Australia
December 2003.

AS (Australian Standard) 2003b, Workplace air quality —
Sampling and analysis of volatile organic compounds by
solvent desorption/gas chromatography, Part 2: Diffusive
sampling method, AS 2986.2-2003, Standards Australia
December 2003.

AS (Australian Standard) 2005, Guide to the investigation
and sampling of sites with potentially contaminated soil.
Part 1. Non-volatile and semi-volatile compounds,
Standards Australia, AS 4482.1-2005.

ASTM 1992, Standard guide for soil gas monitoring
in the vadose zone, D5314-92 (reapproved 2001),
pp. 1161-1196, American Society for Testing

and Materials.

ASTM 1995, Standard guide for risk based corrective
action applied at petroleum release sites, Public no.
E1739-95, (reapproved 2002), American Society for
Testing and Materials.

ASTM 2005, Standard practice for environmental site
assessments: Phase | environmental site assessment
process, E1527 — 05, American Society for Testing
and Materials.

ASTM 2008, Standard practice for assessment of vapor
intrusion into structures on property involved in real
estate transactions, E2600 — 08, ASTM International.

CIRIA 2007, Assessing risks posed by hazardous ground
gases to buildings, Report C665.

CRC CARE Technical Report no. 13 = Field assessment of vapours @



8. References

CIRIA 2009, The VOCs handbook: investigating,
assessing and managing risks from inhalation of VOCs at
land affected by contamination, Report C766, London.

County of San Diego Department of Environmental
Health 2004, Site Assessment and Mitigation (SAM)
Manual.

DTSC 2005, Guidance for the evaluation and mitigation
of subsurface vapour Intrusion to indoor air, Department
of Toxic Substances Control, California Environmental
Protection Agency, Interim Final, revised February 2005,
105 pp.

DTSC 2009, Guide to the sampling and investigation of
potentially contaminated soil. Part 2: Volatile substances,
Department of Toxic Substances Control, California
Environmental Protection Agency, April 2009.

Evans, D, Hers, |, Wolters, RM, Boddington, RTB & Hall,
DH 2002, Vapour transfer of soil contaminants, R&D
Technical Report P5-018/TR, Environment Agency, Rio
House, Waterside Drive, Aztec West, Aimondsbury,
Bristol BS32 4UD, UK.

Golder Associates Ltd 2007, Guidance manual for
environmental site characterisation in support of human
health risk assessment, final draft report. Volume |
Technical guidance; Volume Il Checklists; Volume I
Suggested operating procedures. Report for Health
Canada, December 2007.

Golder Associates Ltd 2008, Evaluation of vadose zone
biodegradation of petroleum hydrocarbons: implications
for vapour intrusion guidance, final draft report, research
study for Health Canada and Canadian Petroleum
Products Institute, June 2008.

ITRC 2003, The Triad approach: a new paradigm for
environmental project management, Interstate Technology
& Regulatory Council, December 2003, 64 pp. plus
appendices.

ITRC 2007a, Vapour intrusion pathway: a practical
quideline, Technical and Regulatory Guidance prepared
by the Interstate Technology & Regulatory Council Vapor
Intrusion Team, January 2007.

ITRC 2007b, Vapour intrusion pathway: investigative
approaches for typical scenarios, (a supplement to
‘Vapour intrusion pathway: a practical guideline’), Technical
and Regulatory Guidance Supplement prepared by the
Interstate Technology & Regulatory Council Vapor
Intrusion Team, January 2007.

Kansas DHE 2007, Kansas vapour intrusion guidance.
Chemical vapour intrusion and residential indoor arr,
Kansas Department of Health and Environment.

Minnesota PCA 2008, Risk-based guidance for the vapour
intrusion pathway: Superfund RCRA and voluntary
cleanup section, Minnesota Pollution Control Agency,
September 2008.

NEPC-ASC 1999, National Environment Protection
(Assessment of Site Contamination) Measure (NEPM),
National Environmental Protection Council (NEPC),
Australia.

NEPC-ASC 20086, National Environment Protection
(Assessment of Site Contamination) Measure review:
review report, National Environmental Protection Council
(NEPC) Service Corporation, Australia.

NEPC-AT 2004, National Environment Protection (Air
Toxics) Measure, National Environmental Protection
Council (NEPC), Australia.

NSW DECC 2009, ‘Guidance note on vapour intrusion’
(draft for consultation only — currently being finalised),
NSW Department of Environment and Climate Change.

NYSDOH 2006, Guidance for evaluating soil vapor
intrusion in the State of New York, New York State
Department of Health, October 2006.

UK EA (Environment Agency) 2005, Review of building
parameters for the development of a soil vapour intrusion
model, Report P5-079/PR.

US DoD 2009, DoD vapor intrusion handbook, The
Tri-Service Environmental Risk Assessment Workgroup,
United States of America Department of Defense, 164 pp.

US EPA 1994, Test methods for evaluating solid waste,
physical/chemical methods (SW-846), (first approved
1994, with subsequent updates to methods), U.S.
Environmental Protection Agency, Washington, D.C.

US EPA 1995, Use of risk-based decision-making in UST
corrective action programs, OSWER Directive 9610.17,
U.S. Environmental Protection Agency, Office of Solid
Waste and Emergency Response, Ariel Rios Building,
5202G, 1200 Pennsylvania Ave, NW, Washington, D.C.
20460, March 1995.

US EPA 1999, Compendium of methods for the
determination of toxic organic compounds in ambient air,
second edition, EPA/625/R-96/010b, January 1999, U.S.
Environmental Protection Agency.

@ CRC CARE Technical Report no. 13 ¢ Field assessment of vapours



US EPA 2002, Draft guidance for evaluating the vapor
intrusion to indoor air pathway from groundwater and
Soils (subsurface vapor intrusion guidance), U.S.
Environmental Protection Agency, Office of Solid Waste
and Emergency Response, Ariel Rios Building, 5202G,
1200 Pennsylvania Ave, NW, Washington, D.C. 20460.

US EPA 2006, Guidance on systematic planning using
the Data Quality Objectives process (QA/G-4),
EPA/240/B-06/001, February 2006, U.S. Environmental
Protection Agency.

US EPA 2008, Brownfields technology primer: vapor
intrusion considerations for redevelopment, EPA 542-
R-08-001, March 2008, U.S. Environmental Protection
Agency, Office of Solid Waste and Emergency Response,
Washington, D.C. 20460.

CRC CARE Technical Report no. 13 = Field assessment of vapours @



CRC CARE Technical Report no. 13 * Field assessment of vapours




APPENDIX A. Parameter estimation techniques

(Parts are modified from Davis, Trefry & Patterson 2004)

Volatilisation and partitioning
from vapour sources

Vapours can emanate (partition) from (i) a NAPL phase,
(i) groundwater, or (i) the soil profile itself if sorbed
organic compounds are present.

NAPL-air partitioning

Partitioning from a NAPL phase into an air phase can be
described by Raoult’s Law (Corapcioglu & Baehr 1987),
which gives the concentration (C:;g in mg L") of the j-th
compound in a gas phase in equilibrium with a NAPL
phase as:

M.p, XY,

c = 57 1
& RT )

where M, (mg mole™) is the molecular weight of the
compound, p, (Pa) is the vapour pressure of the pure i-th
compound (as a single component), X; is the mole fraction
of the /-th component in the NAPL, v, is the activity
coefficient of the i-th component, R is the universal gas
constant (8314 litres Pa K'' mole™) and T is temperature
(degrees Kelvin).

Equation (1) allows calculation of likely (equilibrated) gas
concentrations that may exist in the subsurface where
NAPL is present and in direct contact with an air phase.

Example calculations

For example if gasoline NAPL is present in the
subsurface at a temperature of 20°C (293 K), benzene
makes up 1% of the gasoline as a mole fraction (x = 0.01),
and the activity coefficient is assumed to be one, and
given that M, = 78,000 mg mole™ and that

Prensene = 11,700 Pa, then Cbemmg = 3.75mgL"or
3,750 ug L. Where the gasoline NAPL has been aged
through water washing, volatilisation and biodegradation
processes over some period of time, the benzene
concentration may be much reduced.

Under the same conditions, for a single phase
chlorinated solvent DNAPL source, such as TCE,

CTCEg = 532 mg L' or 532,000 pyg L. In this case the
mole fraction is one, and M, . = 131,400 mg mole™ and

Pz = 9,870 Pa. As a further example, vinyl chloride has

a vapour pressure approximately 30-40 times higher
than TCE, and hence the vapour concentration of vinyl
chloride would be 30-40 times higher under similar
circumstances to those described here.

Water-air partitioning

Partitioning from a water (groundwater) phase into air can
be described at equilibrium by Henry’s Law given by:

P= K/—m Ci,w @)

where P, is the partial pressure of a chemical in the air
phase, C,, is the concentration in the water phase and
K., is the Henry’s Law coefficient.

Since P, = p, X, Y, then Equations (1) and (2) can be
combined to give:
M/ KH,/' C/',w

=L T " -HC 3
L9 RT i Tiw ()

MK, . .
where H, = —T is referred to as the dimensionless

Henry’s Law coefficient.

Example calculation

For example, if benzene is present in groundwater at
concentrations of 10,000 pg L (C, .. the
concentration in a gas phase in equilibrium with the
groundwater (C would be 2,250 ug L', where
H =0.225.

benzene

benzene,g)

Estimating a gas-phase concentration
from groundwater data

Where a groundwater plume lies well below the water
table, vapour migration may be altered and slowed.
Barber et al. (1990) and Davis and Barber (1989)
considered the movement of methane from groundwater
plumes, across the capillary fringe and water table region,
and then movement through the soil profile towards the
ground surface. They found that the concentration of
gas/vapours in the sail profile immediately above the water
table for volatile chemicals with Henry’s Law coefficients
greater than 0.025 kPa m® mol' was given by:

LDZC*)

%5, @

cg:co+(
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where Cg is the gas/vapour concentration in the soil
profile immediately above the water table, C, is the
concentration in gas near the ground surface, C* is the
dissolved concentration in groundwater at a distance X
below the water table, L is the depth of the vadose zone,
and D, and D, are the diffusion coefficients in the soil gas
and groundwater phases respectively.

This equation can be used to estimate the likely
concentration of vapours in soil gas near the water table
where chemicals in groundwater pose a risk. Careful site
characterisation would usually be required to carry out this
style of assessment, especially in terms of measurement
of C* at a depth X below the water table. If C* was
underestimated due to dilution of concentrations by
sampling from a long-screen borehole, for example, then
Cg would be underestimated by a similar amount. Likewise,
if the depth X below the water table were 1, 2 or 4 m the
concentration Cg would change by a factor of 1, 2 or 4.

Soil diffusion coefficient

Diffusion processes in the soil gas phase are typically
slower than in gas-filled volumes. This is rationalised by
a tortuosity model, essentially saying that the arrangement
of microscopic pore spaces is so complicated in the soil
that the effective path length of diffusing gas species
moving between two locations is much longer that a direct
line would give. Mathematically, this is incorporated by
expressing the effective diffusion coefficient for a species
in the soil gas, D_,, as that species’ free air diffusion
coefficient, D__, multiplied by a tortuosity factor T (which

mol’

is less than unity).

The Millington-Quirk (1961) empirical model (Equation (5))
uses measured data for the total porosity (6,), the
air-filled fraction (6), and the free-air diffusion coefficient
for oxygen (D ):

9 10/3
Deff = — Dmo/ (5)
6.2
6 10/3
Here the tortuosity factor T = Ga 5~ The Milington-

.
Quirk formulation is widely used, but is not necessarily

regarded as the most accurate equation over the full
range of variation of 8, (e.g. see Davis et al. 2005; Jin
& Jury 1996).

Air-filled porosity estimation

The air-filled porosity is a critical parameter in estimating
(oxygen and vapour) diffusion coefficients in soil.

Air-filled porosity can be determined from soil cores.

A typical methodology to recover a soil core for such
measurements might be to auger to just above (say 10 cm
above) the depth of interest and push a thin-walled rigid
tube another 20 cm into the soil. The drilling and coring
could be carried out with a variety of drilling rigs, a cone
penetrometer or via hand augering and manual insertion
of the coring tube. The last 10 cm section of the tube/core
can then be analysed to determine the bulk density and
soil moisture content.

From this data, air-filled porosities can be estimated
using Equation (6):

0
6,= 107+ p, ;] ©
where 6_ is the effective air-filled porosity (m® m=), p,
is the bulk density (kg m=), p_is the free solid density
(assumed equal to 2650 kg m; Rose 1966), 69 is the
gravimetric moisture content (kg kg) and p, is the
density of water (kg m).

Vapour and oxygen flux estimates

Equilibrium measurements of vapour and oxygen
concentrations permit the inference of vertical fluxes,
g (in units of ug L'" m s7") using the standard Fickian law:

ac
q:Deff 3_2 (7)

D,, for the vapours and oxygen in the local porous
medium can be estimated via the Millington-Quirk (1961)
model of Equation (5). The estimated molecular diffusion
coefficients for BTEX vapoursis D, =8 x 10¢ m? s

(Grathwohl 1998) and for oxygen is
D_,=2.01x10°m?s" (Glinski & Stgpniewski 1985).

Characteristic time to equilibrium

The characteristic time for a vapour depth profile to reach
equilibration (¢ ) over the depth of a soil profile (L) can be
estimated from Equation (8) (e.g. API 2005):

t 6,BL?
° D

©

eff
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where 6, is the effective air-filled porosity (m® m?), L is
the depth of the soil profile to the vapour source (m), D,
is the effective diffusion coefficient in the soil profile (m? s7),
and B is the retardation coefficient of the vapour/gas
based on the fraction of soil organic matter and the
vapour/organic matter partitioning coefficient. Equation
(8) assumes a step change concentration in source
vapour concentrations and its propagation to a steady
state depth profile throughout a soil profile. This occurs
after an initial release into the subsurface, but may rarely
occur at a later time.

APPENDIX A. Parameter estimation techniques

Table A1 contains some estimates of such equilibration
times, calculated based on Equations (5) and (8) and
assuming D =8 x 10® m?s™ (Grathwohl 1998). Based
on these estimates the equilibration time for a ~2 m soil
profile with an air filled porosity of 0.2-0.3 and a total
porosity of 0.5 (as in Davis et al. 2005) would be 24-62
days. This is consistent with the time to re-equilibration
reported in Davis et al. (2001) whereby in the same soil
profile they flushed the vadose zone with nitrogen gas,
and monitored vapour concentration increases over the
depth profile. Note that for organic-rich soils the retardation
coefficient may be greater than 1, and as such the time
needs to be scaled linearly with the value of .

Table A1. Estimates of characteristic equilibration times (days) for a retardation coefficient, f=1.

Equilibration times (days): Total porosity = 0.5

Equilibration times (days): Total porosity = 0.3

Air-filled porosities (0.1 to 0.4) N Air-filled porosities (0.1 to 0.3) )
Depth (m) 0.1 0.2 0.3 0.4 Depth (m) 0.1 0.2 0.3
1 78 15 6 3 1 08 6 2
2 312 62 24 12 2 112 22 9
3 701 130 54 08 3 052 50 19
4 1247 247 96 49 4 449 89 35
5 1048 887 150 77 5 701 139 54
10 7792 1546 600 807 10 0805 557 216

J L J

Converting soil gas concentrations

The ideal gas equation is written as:
PV =nRT

where

P = ambient pressure (atm)

V = gas volume (L)

n = moles of gas

R = universal gas constant (0.08206 L atm K mol)

T = temperature (°K)

Converting soil gas concentrations from mg/m?® to ppmv

Assuming a soil gas pressure of 1 atm, the ideal gas equation (Equation (9)) can be modified to convert soil gas

concentrations from mg/m?3 to ppmv according to:

(273.15 + °C) x 0.08206

Concentration in ppmv = (Concentration in mg/m?®) x

Mw
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where

ppmv = ppm by volume (i.e. volume of gaseous concentration per 108 volumes of soil gas)
mg/m? = milligrams of gaseous concentration per cubic metre of soil gas

MW = molecular weight of the chemical (g/mol)

°C = soil gas temperature in degrees Celsius

Example calculation
For a gas sample containing benzene (MW = 78.1 g/mol), convert 20 mg/m? to ppmv at 25°C.

20 x (273.15 + 25) x 0.08206
78.1

Concentration of benzene in ppmv = =6.27 (11)
Converting soil gas concentrations from ppmv to mg/m3

Assuming a soil gas pressure of 1 atm, the ideal gas equation (Equation (9)), can be modified to convert soil gas
concentrations from ppmv to mg/m3.

Concentration in ppmv x MW

Concentration in mg/m° = —5 08506 x (273,15 + C) (12)
where
ppmv = ppm by volume (i.e. volume of gaseous concentration per 108 volumes of soil gas)
mg/m? = milligrams of gaseous concentration per cubic metre of soil gas
MW = molecular weight of the chemical (g/mol)
°C = soil gas temperature in degrees Celsius

Example calculation

For a gas sample containing benzene (MW = 78.1 g/mol), convert 20 ppmv to mg/m? at 25°C.

20 x 78.1
Concentration of benzene in mg/m?® = 0.08206 x (273.15 + 25) = 63.8 (13)
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APPENDIX B. Available US state guidance

(Primarily sourced from US EPA 2008. List current as at April 2007)

-~ ™
State Available guidance
Alaska Evaluation of Vapor Intrusion Pathway at Contaminated Sites (draft), 16 pp., 2006.

http://www.dec.state.ak.us/spar/csp/guidance/draft_vap_intr_tm_6_28.pdf

California Guidance for Assessing Exposures and Health Risks at Existing and Proposed School Sites,
excel spreadsheet for calculating risk updated July 12, 2006.
http://www.oehha.ca.gov/public_info/public/kids/schools2604.html

Use of California Human Health Screening Levels (CHHSLs) in Evaluation of Contaminated
Properties, 67 pp., 2005.
http://www.calepa.ca.gov/Brownfields/documents/2005/CHHSLsGuide.pdf

Guidance for the Evaluation and Mitigation of Subsurface Vapor Intrusion to Indoor Air, 105 pp.,
2004 (revised 7 February 2005).
http://www.dtsc.ca.gov/AssessingRisk/upload/HERD_POL_Eval_Subsurface_Vapor_
Intrusion_interim_final.pdf

Advisory — Active Soil Gas Investigations, 25 pp., 2003.
http://www.dtsc.ca.gov/loader.cfm?url=/commonspot/security/getfile.cfm&pageid=94677

CalTOX: A Total Exposure Model for Hazardous Waste Sites
http://www.dtsc.ca.gov/AssessingRisk/ctox_dwn.cfm

Colorado Policy on an Interim Risk Evaluation and Management Approach for PCE, 3 pp., 2006.
http://www.cdphe.state.co.us/hm/pcepolicy.pdf

Policy on an Interim Risk Evaluation and Management Approach for TCE, 2 pp., 2006.
http://www.cdphe.state.co.us/hm/tcepolicy.pdf

Draft Indoor Air Guidance, 58 pp., 2004.
http://www.cdphe.state.co.us/hm/indoorair.pdf

Guidance for Analysis of Indoor Air Samples, 9 pp., 2000.
http://www.cdphe.state.co.us/hm/airsmpl.pdf

Petroleum Storage Tank Owner/Operator Guidance Document, 45 pp., 1999.
http://oil.cdle.state.co.us/OIL/Technical/Guidance %20Documents/guidancedoc.asp

Connecticut Significant Environmental Hazard Condition Notification Threshold Concentrations, Reference
Table A: A Volatile Organic Substances, 2005.
http://ct.gov/dep/cwp/view.asp?a=27158&q=324964&depNav_GID=1626

Connecticut’s Remediation Standard Regulations Volatilization Criteria: Proposed Revisions,
50 pp., 20083.

http://ct.gov/dep/cwp/view.asp?a=2715&q=325012
http://ct.gov/dep/lib/dep/site_clean_up/remediation_regulations/RvVolICri.pdf

Delaware Policy Concerning the Investigation, Risk Determination and Remediation for the Vapor Intrusion
Pathway, 32 pp., March 2007.
http://www.dnrec.state.de.us/dnrec2000/Divisions/AWM/sirb/policy %20concern07008.pdf

Idaho Risk Evaluation Manual, Appendix C: Evaluation of the Indoor Air Inhalation Pathway, woo4.
http://www.deq.idaho.gov/Applications/Brownfields/download/appx_all.pdf
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APPENDIX B. Available US state guidance

/
State

Available guidance

Indiana

Louisiana

Maine

Massachusetts

Michigan

Minnesota

Indiana’s pilot program guidance is intended to provide interim guidance, not requirements, for
site investigation.

Indiana Department of Environmental Management Draft Vapor Intrusion Pilot Program Guidance,
90 pp., April 26, 2006.

http://www.in.gov/idem/files/la-073-gg.pdf

Risk Evaluation/Corrective Action Program (RECAP), 119 pp., October 20, 2003
http://www.deq.louisiana.gov/portal/tabid/2929/Default.aspx

Edited/Adapted Field Guidelines for Protecting Residents from Inhalation Exposure to Petroleum
Vapors, 34 pp., 2000.
http://www.maine.gov/dep/rwm/sops/

Guidelines for Protecting Residents from Inhalation Exposure to Petroleum Vapors, 271 pp., 1998.
http://www.maine.gov/dep/rwm/sops/

Indoor Air Sampling and Evaluation Guide, WSC Policy #02-430, 157 pp., 2002.
http://www.mass.gov/dep/cleanup/laws/02-430.pdf

Guidelines for the Design, Installation, and Operation of Sub-Slab Depressurization Systems,
15 pp., December 1995.
http://www.mass.gov/dep/cleanup/laws/ssd1e.pdf

Massachusetts Contingency Plan Numerical Standards: GW-2
http://www.mass.gov/dep/cleanup/laws/gw2.htm

RRD Operational Memorandum No. 1: Part 201 Generic Cleanup Criteria/Part 213 Risk Based
Cleanup Levels, 2004.
http://www.michigan.gov/deq/0,1607,7-135-3311_4109_9846_30022-101581--,00.html|

RRD Operational Memorandum No. 2: Sampling and Analysis, Attachment 3: Indoor Air
Designated Methods and Target Detection Limits, 7 pp., 2004.
http://www.michigan.gov/deq/0,1607,7-135-3311_4109_9846_30022-101581--,00.html|

Technical Memorandum: Residential Soil Volatilization to Indoor Air, Inhalation Criteria for
Trichloroethylene (CAS# 79-01-65), 33 pp., 2004.
http://www.michigan.gov/documents/mshda_mf_tce_volatilization_114937_7.pdf

Evaluation of the Michigan Department of Environmental Quality’s Generic Groundwater and Soil
Volatilization [sic] to Indoor Air Inhalation Criteria, 67 pp., 2001.
http://www.michigan.gov/documents/iirept_3693_7.pdf

Part 201: Generic Groundwater and Soil Volatilization to Indoor Air Inhalation Criteria: Technical
Support Document, 39 pp., 1998.

Part 213, Risk-based Screening Levels (RBSLs) for Groundwater and Soil Volatilization to Indoor
Air, Operational Memorandum No. 4, Attachment 8, 38 pp., 1998.
http://www.michigan.gov/documents/deqg/deqg-std-op4ATT8_250008_7.DOC

Indoor Air Sampling at VOC Contaminated Sites: Introduction, Methods, and Interpretation of
Results, 17 pp., 2004.
http://www.health.state.mn.us/divs/eh/hazardous/topics/iasampling.pdf

Vapor Intrusion Assessments Performed During Site Investigations, Guidance Documents 4-01a,
13 pp., 2005.

http://www.pca.state.mn.us/publications/c-prp4-01a.pdf
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APPENDIX B. Available US state guidance

/

State Available guidance

Missouri Missouri Risk-based Corrective Action (MRBCA) Technical Guidance, Appendix H: Measurement
of Soil Vapor Levels, 16 pp., 2006.
http://www.dnr.mo.gov/env/hwp/mrbca/mrbca.htm
Missouri Risk-based Corrective Action (MRBCA) Process for Petroleum Storage Tank Sites,
Appendix C: Evaluation of Indoor Inhalation Pathway, 9 pp., 2004.
http://www.dnr.mo.gov/env/hwp/tanks/mrbca-pet/docs/mrbca-pet-appendix-c.pdf

Nebraska Nebraska has no individual guidance. However, the topic of vapour intrusion is discussed in

New Hampshire

New Jersey

New York

Ohio

Oregon

Pennsylvania

Riskbased Corrective Action (RBCA) at Petroleum Release Sites: Tier 1/Tier 2 Assessments
& Reports, 2004 (now revised to May 2009 new PDF).
http://www.deq.state.ne.us/

Vapor Intrusion Guidance, 44 pp., July 2006 (revised Feb 2007).
http://des.nh.gov/organization/commissioner/pip/publications/wmd/documents/wmd-06-1.pdf

GW-2 Methodology, 2 pp., 2006.
http://des.nh.gov/organization/divisions/waste/hwrb/documents/revised_gw-2_methodology.pdf

New Jersey Johnson & Ettinger Spreadsheets, 2006.
http://www.nj.gov/dep/srp/guidance/vaporintrusion/njje.htm

Several reports at http://nj.gov/dep/srp/guidance/vaporintrusion/ including:
Vapor Intrusion Guidance, 282 pp., 2005.
http://www.nj.gov/dep/srp/guidance/vaporintrusion/vig.htm

Indoor Air VOC Sampling and Analysis Requirements, 2 pp., 2003.
http://www.nj.gov/dep/srp/guidance/vaporintrusion/ia_sampling_req.pdf

Several reports at http://www.health.state.ny.us/environmental/indoors/vapor_intrusion/ including:
Guidance for Evaluating Soil Vapor Intrusion in the State of New York, 2006.
http://www.health.state.ny.us/environmental/investigations/soil_gas/svi_guidance/

Strategy for Evaluating Soil Vapor Intrusion at Remedial Sites in New York (DER-13),
16 pp., 2006.

Indoor Air Sampling and Analysis Guidance, 4 pp., 2005.
http://www.health.state.ny.us/environmental/indoors/air/guidance.htm

Methodology for Vapor Intrusion Assessment, 4 pp., 2005.
http://www.epa.state.oh.us/derr/rules/vapor.pdf

Screening Model for Volatilization from Soil to Indoor Air at Heating Oil Tank Sites (excel
spreadsheet to be used with Risk-based decision Making for the Remediation of Petroleumn-
Contaminated Sites) at:

http://www.deq.state.or.us/lg/rbdm.htm
http://www.deq.state.or.us/lg/tanks/hot/screeningmodel.htm

Section IV.A.4, “Vapor Intrusion into Buildings from Groundwater and Soil under the Act 2
Statewide Health Standard’, (26 pp., 2002) in the Recycling Program Technical Guidance Manual.
http://www.dep.state.pa.us/dep/subject/advcoun/cleanup/2002/BoldedVaporGuidance_
100702.pdf

Wisconsin Chemical Vapor Intrusion and Residential Indoor Air: Guidance for Environmental Consultants
and Contractors, 16 pp., 2003. [Provided background on vapour intrusion but basically refers
readers to EPA guidance and the Johnson and Ettinger (1991) model.]
http://www.dhfs.wisconsin.gov/eh/Air/fs/VI_prof.htm

.
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