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Executive summary 
 

This technical report has been prepared to review the available information on the 
presence of polar metabolite compounds in samples collected from weathered 
petroleum hydrocarbon–impacted soil and groundwater.  

The aim is to identify an appropriate silica gel clean up (SGC) method for removing 
these compounds from the analysis of petroleum hydrocarbons, and to provide 
guidance on interpretation of the data collected, to ensure that risks to human health 
and the environment are adequately protected. 

Weathering refers to physical, chemical, and biological processes that change the 
composition, toxicity, availability, and distribution of chemicals following their release to 
the environment. These processes can result in the formation of polar metabolite 
compounds that are measured as total recoverable hydrocarbons (TRH) at petroleum 
hydrocarbon–impacted sites. This can make TRH based risk assessments difficult due 
to their presence as, or contribution to the TRH reported. 

Review of the oral toxicity of the polar metabolite classes and structural groups 
indicates that, depending on the stage of weathering and potential source of 
contamination, the polar compounds may be up to six times less toxic than the 
petroleum hydrocarbons. This means that it is overly conservative to assume that 
100% of the TRH reported is as toxic as petroleum hydrocarbons.  

In this report, guideline adjustment factors have been derived to reflect the difference in 
the oral toxicity of the polar metabolites as compared to the petroleum compounds. The 
guideline adjustment factors are shown in Table E1. 

Table E1  Guideline adjustment factors for polar compounds 

Source type and stage of 
weathering 

Adjustment factors to apply to the different fractions 
reported post SGC* 

>C10-C16 >C16-C34 >C34-C40 
Refined and crude oil sources 
Source area (and immediately 
downgradient)** 2 2 2 

Weathered impact or plume 6 5 5 
* The concentration of polar compounds = (TRH concentration pre SGC) – (TRH concentration post SGC) 

** Source area defined as the extent of residual LNAPL, where the presence of LNAPL is determined on 
the basis of direct and indirect indicators as outlined by CRC CARE in Technical Report 23 (Box 2.1). 
Application of the adjustment factors should also apply to groundwater immediately down gradient of 
residual LNAPL, where TRH is dominated by petroleum hydrocarbons. 

 

SGC can be used to estimate the concentrations of petroleum hydrocarbons and polar 
metabolite compounds in weathered petroleum hydrocarbon releases. The TRH 
concentration post-SCG is the concentration of petroleum hydrocarbon compounds. 
This concentration can be compared directly to the applicable guideline value to 
determine if any further evaluation is required.  

The TRH concentration pre-SGC minus TRH concentration post-SGC is the 
concentration of polar metabolite compounds. The concentration of polar compounds 
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can be compared to a modified guideline, where the guideline is multiplied by the 
relevant adjustment factor as listed in Table E1. The adjustment factor that is 
appropriate for use will depend on the nature of the source product, the TRH fraction 
and the stage of weathering. Further assessment of petroleum TRH (post-SGC) and 
polar compounds can also be undertaken in a site-specific risk assessment. 

This review has also found that: 

• The polar metabolite compounds are not sufficiently volatile, hence they do not 
need to be considered separately in vapour intrusion assessments. 

• The available data suggests weathered petroleum is less toxic than fresh 
sources to terrestrial ecological receptors. However, with the exception of TRH 
F2, limited information is available to establish ecological criteria that may be 
more specific to weathered materials. Hence, Existing Ecological Screening 
Levels (assuming the TRH comprises 100% petroleum hydrocarbons) may be 
used, or a site-specific evaluation undertaken for terrestrial ecosystems. 

• Complexities in the behaviour of weathered petroleum hydrocarbons in aquatic 
environments make establishing aquatic criteria for TRH difficult. Hence where 
the CSM supports/indicates that migration and discharge of a weathered 
petroleum plume to an aquatic ecosystem is likely, the screening criteria for 
TRH or appropriate petroleum surrogates (assuming the TRH comprises 100% 
petroleum hydrocarbons) should be adopted or site-specific aquatic toxicity 
testing consistent with ANZECC guidance should be conducted to evaluate 
site-specific ecotoxicity aspects. 

The application and use of SGC in the assessment of petroleum hydrocarbon 
contamination at any site needs to be undertaken with consideration of the detailed 
Conceptual Site Model (CSM). It is also expected that the site investigation will include 
and evaluate individual hydrocarbons and other compounds relevant to the CSM. In 
addition, it is assumed that the application of this guidance relates to polar compounds 
from weathered petroleum sources. 

Analytical methodology for silica gel clean-up of soil and water extracts is proposed in 
this report. The methodology follows closely with NEPM Schedule B3 (NEPC, 1999 
amended 2013c), that is analysis of semi-volatile hydrocarbons (TRH >C10 to C40) 
using solvent extraction followed by determination by gas chromatography–flame 
ionisation detector (GC-FID). The NEPM describes an optional SGC procedure but 
more detail is required. Appendix C details two procedures for SGC which are in 
common use in environmental testing laboratories – in situ and ex situ. These 
procedures have been adapted from CCME 2001, Reference Method for the Canada-
Wide Standard for Petroleum Hydrocarbons in Soil – Tier 1 Method, and Addendum 1. 
The in-situ method involves adding silica to the extract to form a ‘slurry’. This silica then 
interacts and absorbs polar analytes. In the ex-situ method, the extract is applied to a 
silica gel glass column which removes polars from the extract. The extracts are then 
analysed by GC-FID. Advantages and disadvantages of both techniques are discussed 
in this report. 

 

  



CRC CARE Technical Report iv 
Weathered Petroleum Hydrocarbons (Silica Gel Clean-up) 

Glossary of terms 

ADI Acceptable daily intake – the ADI is the dose of a chemical that, during a 
lifetime, is understood to be without appreciable risk on the basis of all the 
facts known at the time. It is expressed in milligrams per kilogram of body 
weight per day (mg/kg/day). For this purpose, ‘without appreciable risk’ is 
taken to mean that adverse effects will not result even after a lifetime of 
exposure.  

Alicyclic An alicyclic compound is an organic compound that is aliphatic and 
contains one or more rings. 

Aliphatic 
compound 

Organic compounds in which the carbon atoms exist as either straight or 
branched chains. Examples include pentane, n-hexane and octane. The 
alkane group of aliphatics have maximum hydrogen content (saturated 
hydrocarbons), whereas alkenes have one or more double bond between 
adjacent carbon atoms. Alkynes have at least one triple bond between 
adjacent carbon atoms. Alkenes and alkynes are termed “unsaturated” 
hydrocarbons. 

Aromatic 
compound 

Organic compounds that contain ring structures formed from closed loops 
of carbon chains (most often containing six C atoms) where carbons in the 
ring have resonant double bonds. Aromatic compounds include compounds 
such as benzene, toluene, ethylbenzene, and xylene (BTEX), as well as 
polyaromatic compounds such as naphthalene. Because of the double 
bonding between carbon atoms, the molecules are not saturated with 
hydrogen atoms (un-saturated hydrocarbons). 

Asphaltene A constituent of petroleum products with a high molecular mass and dark 
colour, insoluble in n-heptane, and soluble in hot benzene. Structurally, 
asphaltenes are condensed polynuclear aromatic ring systems bearing 
mainly alkyl sidechains. The number of rings in oil asphaltenes can vary 
from 6 to 15. Tars or asphaltenes occur in many crude oils. 

Biogenic Bacterial or vegetation-derived material that may contain lipids or fatty acids. 
Biodegradation A microbiologically mediated process (e.g. due to the action of bacteria, 

yeasts, and fungi) that chemically alters the structure of a chemical, the 
common result being the breakup of the chemical into smaller components 
(ultimately carbon dioxide and water for aerobic biodegradation of 
hydrocarbons). 

Catagenesis This is a term used to describe the cracking process (which occurs under 
certain temperature and pressure conditions) that converts organic 
kerogens into hydrocarbons (liquid or gaseous). The temperature conditions 
for catagenisis is in the range 50oC to 200oC (approximately). Organic 
kerogens are the breakdown products, following degradation, 
decomposition and transformation, from living matter. 

Chromatogram The trace obtained when sample extracts are analysed by gas 
chromatography. Each peak in the trace represents a compound and the 
size of the peak is proportional to the amount of the compound. The trace 
shows the profile of an extract in order of increasing boiling point when 
using a nonpolar capillary column. 

Crude oil Complex mixture of thousands of petroleum hydrocarbon and non-
hydrocarbon compounds, extracted from natural deposits and prior to any 
distillation or other substantive refinement. Hydrocarbons generally 
comprise more than 75% of crude and refined oils, however heavy crude 
oils can contain more than 50% nonhydrocarbons (molecules containing 
oxygen, sulfur, nitrogen, or metals in addition to carbon and hydrogen). 
Crude oil classification depends on specific gravity (light, medium or heavy) 
which can be further separated into fractions based on their boiling point. 
Crude oil composition varies according to the geological strata of its origin. 

CSM Conceptual site model – a description of a site including the environmental 
setting, geological, hydrogeological and soil characteristics, together with 
nature and distribution of contaminants. Potentially exposed populations 
and exposure pathways are identified.  

DRO Diesel range organics where carbon range C10-C28 are reported. 
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ESL Ecological Screening Level 
FID Flame ionisation detector, a detector for a gas chromatograph that 

measures ions formed by the combustion of organic chemicals in a 
hydrogen flame. 

GC Gas chromatography, an analytical technique employing a gaseous mobile 
phase that separates chemical mixtures into their individual components. 

GC-MS Gas chromatography-mass spectrometry 
GRO Gasoline range organics where carbon range C6-C10, or C6-C12 are 

reported. 
HSL Health Screening Level 
LOAEL Lowest observed adverse effect level – the lowest concentration or amount 

of a substance found by experiment or observation that causes adverse 
alterations of morphology, functional capacity, growth, development or life 
span of target organisms. 

NEPC National Environment Protection Council 
NEPM National Environment Protection Measure – NEPMs are broad framework-

setting statutory instruments defined in the National Environment Protection 
Act (NEPC Act). They outline agreed national objectives for protecting or 
managing particular aspects of the environment. Establishment, 
maintenance and review of NEPMs is the responsibility of the National 
Environment Protection Council (NEPC), a statutory body under the NEPC 
Acts of the Commonwealth, states and the territories. 
This document utilises the term NEPM to refer to the National Environment 
Protection (Assessment of Site Contamination) Measure. 

NOAEL No observed adverse effect level – the highest concentration or amount of a 
substance, found by experiment or observation, that causes no observable 
alterations of morphology, functional capacity, growth, development or life 
span of target organisms. The NOAEL is the next dose below the LOAEL in 
the series of doses tested in a study, where no toxic (i.e. adverse) effects 
are observed.  

NOM Natural organic matter – this is a broad term that is often used to describe 
ubiquitous naturally occurring organic compounds derived from plants, 
animals and microorganisms and can also be termed as biogenic organic 
compounds. NOM can also be comprised of a number of non-petroleum 
biochemical precursors, such as carbohydrates (polysaccharides, 
monosaccharides), proteins, peptides, lipids, amino sugars, lignins and 
tannins. 

Petroleum 
hydrocarbons 

A hydrocarbon is a molecule consisting solely of carbon and hydrogen. 
Hydrocarbon groups present in petroleum products include: alkanes, 
alkenes, alkynes, aromatics, polynuclear aromatics, and complex 
hydrocarbon compounds containing oxygen, nitrogen, and sulfur. Petroleum 
hydrocarbon compounds are present as complex mixtures derived from 
geological sources (such as oil and coal), formed over millions of years 
from compression and heating of deposited organic materials. These are 
extracted and then refined and blended into fuel mixtures and 
petrochemical products. 

QSAR Quantitative structure activity relationships – structure-activity relationship 
(SAR) is an approach designed to find relationships between chemical 
structure (or structural-related properties) and biological activity (or target 
property) of studied compounds. As such it is the concept of linking 
chemical structure to a chemical property (e.g. water solubility) or biological 
activity including toxicity (e.g. fish acute mortality). Qualitative SARs and 
quantitative SARs, collectively are referred to as (Q)SARs. Qualitative 
relationships are derived from non-continuous data (e.g. yes or no data), 
while quantitative relationships are derived for continuous data (e.g. toxic 
potency data) (OECD). 

REACH 
program 

The Registration, Evaluation, Authorisation and Restriction of Chemical 
substances program (REACH), established in 2006 as a new European 
Community program for regulating chemicals and their safe use. 

RfD Reference dose – an estimate (including uncertainty factors) of the daily 
exposure (mg/kg/day) to the general human population (including sensitive 
sub-groups) that is likely to be without an appreciable risk of deleterious 
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effects during a lifetime of exposure. It is derived from the NOAEL or the 
LOAEL by application of uncertainty factors that reflect various types of 
data used to estimate RfD and an additional modifying factor, which is 
based on professional judgement of the entire database of the chemical. 
The RfD is equivalent in meaning to tolerable daily intake (TDI) and 
acceptable daily intake (ADI). Usually doses less than the RfD are not likely 
to be associated with adverse health risks, and are therefore less likely to 
be of regulatory concern. As the frequency and/or magnitude of the 
exposures exceeding the RfD increase, the probability of adverse effects in 
a human population increases. However, all doses below the RfD are not 
assumed to be ‘acceptable’ (or risk-free) and nor are all doses that exceed 
the RfD necessarily ‘unacceptable’ (i.e. likely to result in adverse effects) 
(USEPA) (enHealth, 2012). 

SGC Silica gel clean-up 
TAN Total acid number, which is a measurement of acidity that is determined by 

the amount of potassium hydroxide in milligrams that is required to 
neutralise the acids in one gram of oil. This is a measure commonly used to 
evaluate the corrosiveness of oil products. 

TCEQ Texas Commission on Environmental Quality 
TDI Tolerable daily intake – an estimate of the daily intake of a substance that 

can occur over a lifetime without appreciable health risk. It may have different 
units depending on the route of administration. The term ‘acceptable daily 
intake’ is used for chemicals such as pesticides (herbicides, insecticides and 
antifungals) that are deliberately used on food crops or food-producing 
animals and for which some level of residues may be expected to occur in 
food. The term ‘tolerable daily intake’ is used when the chemical is a potential 
food or environmental contaminant. While exposure should not occur, a TDI 
is an established health limit below which lifetime exposure should not have 
any adverse health effects (enHealth, 2012). 

TIC Tentatively identified compound – a TIC is a compound that can be seen by 
the testing method but its identity and concentration cannot be confirmed 
without further investigation. TICs can be reported for both conventional 
and nonconventional methods and are commonly reported using mass 
spectrometers. Many analytical methods can report TICs – they are 
compounds that the instrumentation can detect but the analysis is not 
targeting specifically. A TIC is not part of the targeted analyte list for a 
method. The tentative identification is based on a match between the TIC 
mass spectral characteristics and those characteristics for compounds 
incorporated in a mass spectral computer library database. This generates 
a best match. TICs are often further reviewed by an analytical chemist. 

TOFMS Time-of-flight mass spectrometry 
TPH Total petroleum hydrocarbons – this is the previously used term for TRH 

(see below). It is also noted that the hydrocarbon fraction ranges adopted 
for TPH are slightly different than for TRH. 

TRH Total recoverable hydrocarbons – this is the method recommended in 
section 2.4.5 of NEPM Schedule B1 for the analysis of petroleum 
hydrocarbons. TRH is a measure of extractable petroleum, biological and 
non-petroleum hydrocarbons (e.g. chlorinated hydrocarbons, natural oils, 
acids and humic substances).  

TRV Toxicity reference value – the quantitative toxicity value adopted for 
evaluation of oral, dermal and/or inhalation exposures. In relation to oral 
exposures this may be an RfD, ADI or TDI. 

UCM Unresolved complex mixture – term used to describe a gas 
chromatographic characteristic of fossil fuel hydrocarbons (mainly 
petroleum hydrocarbons). The UCM (which appears as a “hump” in the 
chromatogram) comprises mixtures of many hundreds or thousands of 
individual chemicals that cannot be resolved or identified by the GC. The 
UCM may contain polar and non-polar compounds. 

USEPA United States Environmental Protection Agency 
WHO World Health Organization 
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1. Introduction 

1.1. Background 

Petroleum hydrocarbons are common environmental contaminants. They are 
components of crude oil and products derived from it, and are consequently found on a 
variety of sites including refineries, chemical materials and by-products storage sites 
and manufactured gas production sites. They may also be present in the environment 
as a result of spills and leaks. Petroleum hydrocarbons are a highly complex mixture of 
aliphatic and aromatic hydrocarbons with minor amounts of other heterogenic elements 
such as nitrogen, sulfur, and oxygen (TPHCWG, 1998b). 

Once released to the environment, they are subject to weathering by physical, 
chemical, and biological processes that change their composition, toxicity, availability, 
and distribution (partitioning). The degradation or weathering processes include 
adsorption, volatilization, dissolution, biotransformation, photolysis, oxidation, and 
hydrolysis (Brassington et al., 2010). The weathering process may also include 
emulsification and or re-distribution of chemical composition. 

An approach to the assessment of petroleum hydrocarbons, relevant to the protection 
of human health and the environment, is presented within the National Environment 
Protection Measure (NEPM) and supporting documents. This approach requires the 
assessment of some key individual hydrocarbons, with the remainder evaluated on the 
basis of the measurement of total petroleum hydrocarbons (TPH), or total recoverable 
hydrocarbons (TRH). The assessment of TRH is based on the fate and transport, and 
toxicity of representative petroleum hydrocarbons to humans and the terrestrial 
environment. 

Although the term TRH, as adopted in the NEPM, implies that only petroleum 
hydrocarbons are measured this may not be the case, the TRH analysis is non-specific 
as it detects a whole class of related or chemically similar compounds. This includes 
non-petroleum compounds such as polar compounds (Zemo and Foote, 2003, 
Lundegard and Sweeney, 2004, TPHCWG, 1998a). Polar compounds are not 
petroleum hydrocarbons due to the incorporation of nitrogen, sulfur, and/or oxygen 
atoms in the structure of the organic molecules (Lang, 2011, Tissot and Welte, 1984).  

Sources of these polar compounds in TRH measurements include polar compounds 
from petroleum that are originally present within crude oil (Lundegard and Knott, 2001, 
Lundegard and Sweeney, 2004, Lundegard and Johnson, 2006), polar compounds or 
metabolites formed from the degradation of petroleum (Lundegard and Sweeney, 2004, 
Zemo and Foote, 2003, Zemo et al., 2013, Zemo et al., 2017), and polar compounds 
from natural organic matter (NOM) (Lundegard and Sweeney, 2004, Lang, 2011, 
TPHCWG, 1998b), as illustrated in Figure 1. 

NOM is a broad term that is often used to describe ubiquitous naturally occurring 
organic compounds derived from plants, animals and microorganisms and can also be 
termed as biogenic organic compounds. NOM can also be comprised of a number of 
non-petroleum biochemical precursors, such as carbohydrates (polysaccharides, 
monosaccharides), proteins, peptides, lipids, amino sugars, lignins and tannins (Lang, 
2011).   
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Figure 1 Potential components reported as TRH analysis using standard methods 
(1 = SFBWB 2016, 2 = Lundegard & Sweeney 2004) 

 

The presence of polar compounds in TRH can make TRH based risk assessments 
difficult due to their presence as, or contribution to the TRH reported. The polar 
compounds contribute to an unresolved complex mixture (UCM) or “hump” on the 
chromatogram when analysed using gas chromatograph (GC) methods (Lang, 2011, 
Zemo and Foote, 2003). Figure 2 presents illustrative chromatograms for fresh (Figure 
2a) and weathered crude oil (Figure 2b), with the UCM clearly shown in the 
chromatogram for the weathered product. The UCMs of weathered hydrocarbons 
contain both polar and non-polar compounds. This weathering of petroleum 

TRH Sample

Dissolved

Petroleum 
hydrocarbons

Petroleum 
source related NOM/Biogenic

Non-petroleum 
hydrocarbons

NOM/Biogenic Petroleum 
source related

Polar 
compounds 
present in 
product

Polar 
metabolites from 
biodegradation

Non-dissolved 
(sorbed, NAPL)

Crude oils contain 
significant amounts of 
polar compounds. 
Refining removes most 
of these1,2. 

Additives in products, 
including chlorinated 
hydrocarbons1 – should 
be analysed separately 

NOM/Biogenic 
fraction can be 
determined from 
analysis of a 
background/ 
upgradient sample 
from a similar 
setting1 
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hydrocarbons, resulting in the generation of polar metabolites that are reported as 
UCMs is illustrated in the following figure for crude oil (Booth, 2004). Because of the oil 
matrix, the biodegraded crude oil UCM (Figure 2b) would contain both petroleum 
hydrocarbons and polar compounds.  However, if the sample was a water matrix in 
equilibrium with a biodegraded crude oil, the UCM would be virtually 100% polar 
compounds. 

 

Figure 2 Illustrative Gas chromatograms for (a) fresh crude oil and (b) biodegraded 
crude oil (Booth, 2004) 

 

It has been suggested that for regulatory purposes, a silica gel clean-up (SGC) step 
that removes polar compounds from TRH should be included, as the regulatory limits 
set for TRH are based on fresh petroleum products that contain largely petroleum 
hydrocarbons (Zemo and Foote, 2003, Zemo et al., 2013, Zemo et al., 2017). 

The NEPM (section 2.4.5 in Schedule B1) indicates that SGC may be used to assist 
with the identification of contamination of petroleum origin.  
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1.1. Purpose of this report 

This technical report has been prepared to review the available information on the 
presence and removal of polar compounds from samples collected from weathered 
petroleum hydrocarbon–impacted soil and groundwater.  

The aim is to identify an appropriate SGC method for removing these compounds from 
the analysis of petroleum hydrocarbons, and to provide guidance on interpretation of 
the data collected, to ensure that risks to human health and the environment are 
adequately protected. 

This document is intended to address the potential application of SGC at a range of 
different sites in Australia that may be affected by spills of crude oil and/or refined 
petroleum products. 

This document should be considered a living document that reflects the current 
understanding of the available information and analytical methods. The document will 
be reviewed and updated as the further information/reviews become available and 
methods change. 
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2. Background 

2.1. Introduction 

The assessment of petroleum hydrocarbons impacts involves consideration of a range 
of different sources and differently weathered materials within the environment. This 
section provides a summary of background issues relevant to the assessment of 
weathered petroleum impacts, and more specifically the presence and nature of polar 
compounds at these sites. 

2.2. Weathered petroleum hydrocarbons 

In the environment, complex mixtures of petroleum products can change through 
weathering. The term weathering refers to different kinds of processes, whether 
physical, chemical or biological, that are known to affect the structure or composition of 
the product in the environment (Stout et al., 1964, Wang et al., 1964, Wang and 
Christensen, 1964). 

These weathering processes include: 

• Volatilisation or evaporation. This is a key process for volatile compounds. 
For oils of all densities, about 50% to 70% of the amount of oil that ultimately 
will be lost by evaporation is lost within the first 10 to 12 hours after a release. 
Products with larger proportion of lighter more volatile hydrocarbons such as 
petrol, will volatilise more readily that those dominated by heavy end 
hydrocarbons such as Bunker C oil. Because the compositions of crude and 
refined oils vary widely, changes in the compositions of the oils during 
evaporative weathering (and hence the toxicities of the weathered fractions) 
vary widely.  

• Photooxidation. Photooxidation is the effect of the sunlight on a spilled oil. The 
effect is strongest in the upper layer of the oil film and is thus related to the 
thickness of the oil layer. 

• Dissolution. Dissolution will remove components according to their solubility in 
water, with heterocyclic compounds more soluble than aromatic hydrocarbons, 
which are more soluble than saturated hydrocarbons. 

• Sorption. Depending on the nature of the soil and sediment particles in the 
environment, petroleum hydrocarbons can be sorbed onto the particle surfaces, 
or hold bulk liquids in the pores in and between the particles. This is a process 
that slows the movement of contaminants. 

• Biodegradation. Biodegradation through microbial activity represents the 
primary means upon which petroleum contaminants are removed from the 
environment. Petroleum products contain primarily hydrocarbons (compounds 
consisting only of carbon and hydrogen). Biodegradation occurs under aerobic 
or anaerobic conditions, and is a multi-step oxidative process, producing partial 
degradation/oxidation products (“petroleum metabolites”) and eventually carbon 
dioxide and water (referred to as “mineralisation”). The partial degradation 
products are also known as “polar” compounds since they have increased water 
solubility. 
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Other processes that change the concentration of petroleum hydrocarbons in the 
environment include dispersion (i.e. mixing in media such as air or water) and 
sedimentation (i.e. deposition at the bed of a body of water). 

The rate of weathering will vary for different sources and site-specific conditions 
(Clements et al., 2009). 

2.3. Polar compounds in UCMs 

2.3.1. General 

Polar compounds in UCMs, associated with weathered petroleum products found in the 
environment, have become the subject of a number of detailed studies and reviews. 
These reviews cover releases of a range of crude oil and refined petroleum products.  

Sources of polar compounds in UCMs include compounds originally present in crude 
oil, fuel additives, NOM and metabolites from the biodegradation of hydrocarbons 
(Lang, 2011). 

There are also other petrogenic sources, which include sources like storm water run-
off, surface run-off from parking lots, runways and bridges, soot obtained from exhaust 
fumes of motor vehicles, factories and discharges from recreational and commercial 
areas. These background sources of hydrocarbons are sometimes distinguishable from 
hydrocarbons from other sources as they often appear as a broader higher-boiling 
UCM when analysed. 

Differentiating polar compounds related to NOM or other sources and weathered 
petroleum can be challenging, hence the development of a good conceptual site model 
(CSM), and comparison to reference sites is important is important to address these 
complexities.  

2.3.2. NOM 

NOM is a term that is used to describe naturally occurring organic compounds derived 
from plants, animals and microorganisms. NOM includes biochemical precursors such 
as carbohydrates, proteins, peptides, lipids, amino sugars, ligins and tannins. It 
comprises humic (hydrophobic) and non-humic (hydrophilic) substances. The non-
humic substances largely comprise carbohydrates (including cyclic, polyhydroxylated 
ketones and aldehydes), amino acids and lipids (including glycerides, waxes and 
terpenoids). Non-humic substances are also formed from microbial biodegradation, 
where fatty acids and triglycerides are formed. Humic substances comprise a 
heterogeneous mix of polyfunctional macromolecular polymers formed from complex 
humification processes (Lang, 2011). 

It is often difficult to distinguish NOM from petroleum sources from standard analysis, 
hence development and refinement of a detailed CSM (refer to Section 2.4), and 
comparison with data from reference sites, is important to support decisions in relation 
to likely sources of TRH is important. 

2.3.3. Petroleum sources 

Crude oils and simple crude oil distillates are more chemically complex and varied than 
refined hydrocarbon fuels (i.e. petrol, diesel). Crude oils generally contain thousands of 
saturated and aromatic hydrocarbon compounds. In addition, they contain variable 
quantities of polar organic compounds (Lundegard and Knott, 2001). These polar 
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compounds have been well documented (Lang, 2011). Polar compound types in crude 
oils include sulfur- (thiols, sulfides, disulfides and thiophenes), nitrogen (pyridines, 
quinolines, carbazoles and indoles) and oxygen-containing compounds (phenols, 
carboxylic acids, ketones, fluorenones and dibenzofurans) (Lang, 2011, SFBWB, 
2016).  

Acids are the most abundant type of oxygen-containing compounds in crude oil with 
more than 40 classes of acids identified (Lundegard and Knott, 2001). Resins and 
asphaltenes are also common constituents of crude oils, and consist of high molecular 
weight complex structures of polyaromatic and alkyl groups containing nitrogen, sulfur 
and oxygen (Lang, 2011). In relation to crude oil sources, particular concern has been 
raised (SFBWB, 2016) in relation to the potential presence of naphthenic acids. 
Naphthenic acids are composed predominantly of alkyl-substituted cycloaliphatic 
carboxylic acids, with smaller amounts of acyclic aliphatic (paraffinic or fatty) acids, and 
minor amounts of aromatic, olefinic, hydroxy and dibasic acids. Naphthenic acids have 
not been detected in the polar metabolites from refined fuel sources, but may be 
present in crude oil although likely at different proportions (Brient et al., 2000, Scarlett 
et al., 2012a). 

Polar compounds are present in very low abundance in light-middle crude oil fractions 
(Kaplan et al., 1997). 

Crude oils are refined by various techniques, which remove many of the polar 
compounds intrinsic to crude oil, to produce different petroleum fuels and products 
based on boiling point range (e.g. gasoline, diesel fuel, motor oil, bunker fuel). 
However, refined petroleum fuels and products are still complex mixtures consisting of 
many types of hydrocarbons, including nonpolar aliphatic and somewhat polar aromatic 
molecules.  

The complex mixtures of petroleum hydrocarbons that may be present in petroleum 
products are addressed in the approach adopted for the assessment of TRH. 

2.3.4. Polar metabolites 

Polar metabolites produced during degradation of petroleum hydrocarbons have been 
identified in a number of studies (refer to discussion in Section 3). Based on an 
understanding of biodegradation processes, these include alcohols, phenols, ketones, 
aldehydes, and organic acids (Zemo et al., 2013, Mohler et al., 2013, Zemo et al., 
2017). The biodegradation pathways of hydrocarbons are well understood, and given a 
particular molecule, likely metabolites can be predicted. However, both gasoline and 
diesel are mixtures of hundreds of individual hydrocarbons, and thousands of individual 
metabolites are possible, making it extremely difficult to predict metabolite composition 
for specific sources (Mohler et al., 2013). Organic acids are known to be the most 
prevalent metabolite class identified at highly biodegraded crude oil sites (Cozzarelli et 
al., 1994, Lang, 2011), and at highly biodegraded refined fuel release sites (Mohler et 
al., 2013, Zemo et al., 2013, Zemo et al., 2017). 
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2.4. Site characterisation 

Any assessment of petroleum hydrocarbon contamination needs to be undertaken in 
accordance with guidance provided in the NEPM (NEPC, 1999 amended 2013b). This 
includes the development of, and steps to refine, a CSM. More specific guidance on 
the characterisation of sites impacted by petroleum hydrocarbons is presented in CRC 
CARE Technical Report 11 (Clements et al., 2009). 

For sites where weathered petroleum impacts are present, there are some specific 
aspects that may require consideration within the CSM. These include:  

• The potential presence of NOM/biogenic hydrocarbons at or downgradient of a 
site needs to be considered in the context of the CSM. The sampling and 
analysis, including consideration of the use of SGC should be based on the 
potential for a specific petroleum source to be present or contributing to impacts 
identified. 

• A significant residual petroleum source can sustain a persistent petroleum 
metabolite plume by continually generating or supplying metabolites (SFBWB, 
2016). An example of a widely studied plume is the Bemidji crude oil release 
site in the USA (SFBWB, 2016, Cozzarelli et al., 1994). This site has a 
significant petroleum metabolite groundwater plume that is being sustained due 
to the large residual mass in the source area. This plume persists long after 
(more than 30 years) the initial release.  

• Large residual sources can alter local geochemical conditions by changing 
redox conditions. This may add to toxicity by mobilising naturally occurring 
complexes and metals (e.g. arsenic) or transforming them into a more toxic 
state (SFBWB, 2016)  (Langbehn and Steinhart, 1995). 

• The polar UCM compounds may be resistant to degradation due to their 
branched and cyclic nature and may persist for a long time (even when the 
source has been depleted) (for example the persistence of naphthenic acids 
from oil sands (Toor et al., 2013)). 

• The molecular composition of groundwater polar UCM compounds varies 
spatially (proximity to source versus downgradient) and with the degree of 
weathering (Zemo et al., 2013, Zemo et al., 2017). This needs to be considered 
in the application of any approach. 

• The potential for polar UCM compounds to migrate to and discharge to an 
aquatic environment is of importance and requires detailed consideration within 
a CSM. Further discussion on the assessment of potential ecological risk issues 
relevant to these discharges is discussed in Section 4.3. 
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3. Available data on polar compounds and metabolites 

3.1. Introduction 

This section provides an overview of the data and reviews available in the literature (up 
to August 2017) that relate to the presence of polar compounds and polar metabolites 
in petroleum hydrocarbons products as well as weathered petroleum sources. This 
review specifically relates to the potential presence of polar compounds from a range of 
different sources, that will be removed during SGC. This includes crude oil as well as 
refined petroleum products. Information is also included from international sites where 
oil sands are the source. While it is unlikely that oil sands will be evaluated or 
addressed in Australia, the data and commentary from these sites provide context to 
the information and opinions available in the literature in relation to polar compounds. 

3.2. Oil sands and crude oil sources 

A review by the San Francisco Bay Regional Water Quality Control Board (SFBWB 
2016) has identified that oil sand sources, and potentially some crude oil sources, are 
associated with the potential presence of naphthenic acids, which are a well-known 
and studied example of petroleum related polar compounds. Naphthenic acids from oil 
sands are a complex mixture. They are carboxylic acids resulting from the partial 
oxidation of cyclo (monocyclic and polycyclic) alkanes. Many of the cyclic compounds 
have a methyl group (Toor et al., 2013). The naphthenic acids are naturally-occurring 
components of some crude oils due to either incomplete catagenesis or 
biodegradation. The naphthenic acids are considered to present acute and chronic 
toxicity to aquatic species and have been found to be the primary toxicant in oil sands 
tailings pond water (Scarlett et al., 2012a). The compounds are soluble and have low 
volatility, are relatively stable, and sorption to organic matter is limited by the polarity of 
the compounds. 

A glacial outwash aquifer near Bemidji, Minnesota was contaminated by crude oil when 
a pipeline burst in 1979, releasing 1670 m3 of oil. After clean-up efforts, 410 m3 of oil 
remained and infiltrated the ground, with some impacting the groundwater (Cozzarelli 
et al., 1994). Analysis of groundwater identified the presence of polar metabolites, with 
25-50% of the low molecular weight organic acids (aliphatic and alicyclic acids) 
positively identified. The most abundant acids identified were acetic acid, 
cyclopentanoic, and cyclohexanoic acids. Further downgradient the aromatic acids 
(mostly alkyl-substituted benzoic acids) are a more significant fraction of the total acid 
pool (Cozzarelli et al., 1994).  

Data from the Bemidji site was further evaluated (Bekins et al., 2016), along with a 
spill/leak of crude oil from another site located at the South Cass Lake pumping station 
near the town of Cass Lake, Minnesota. These studies used analysis of non-volatile 
dissolved organic carbon as an approximate measure of metabolite concentrations. No 
analysis of individual metabolites or classes of metabolites was undertaken. The data 
collected showed the presence of a metabolite plume that extended beyond the 
petroleum hydrocarbon plume.  

In other locations, water samples were collected from sites impacted by crude oil and 
middle-range distillates (Lundegard and Sweeney, 2004). They included two ocean 
water samples from the surf zone, six interstitial water samples collected from the 
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beach face, five direct-push grab samples of groundwater, and several hundred 
groundwater samples from monitoring wells constructed using PVC pipes and 
piezometers. Data on the effect of silica gel treatment of groundwater extracts was 
reviewed by the authors for 460 groundwater samples. In almost all cases, the TRH 
concentrations in the filtered and/or the silica gel-treated splits were significantly lower 
than the concentrations in the raw water sample splits. The only exceptions were cases 
where the concentration in the raw sample was near or below the detection limit. The 
results of the silica gel treatment of the samples demonstrate that it is not uncommon 
for extractable organic matter in groundwater samples to consist mostly of non-
petroleum hydrocarbons. The non-petroleum hydrocarbons can come from a range of 
sources as summarised in Figure 1. 

It is noted that the publications available for oil sands and crude oil sources do not 
include a detailed analysis of the polar compounds identified and reported. Cozzarelli 
et al. (1994) identified 20 individual acids in groundwater downgradient of the Bermidji 
source. While these individual acids were characterised, they are only a very small 
fraction of the polar compounds that are likely to be present. As a result, the data 
cannot be interrogated further in this review. 

While most of the polar compounds identified in plumes derived from these sources are 
consistent with those identified from refined products (as discussed below), a key issue 
identified in reviews conducted on the toxicity of polar compounds derived from oil 
sands is the presence of naphthenic acids. No data is available on Australian crude oil 
products that specifically relates to the presence or absence of naphthenic acids. 

 

3.3. Petrol/gasoline and diesel sources 

This section provides an overview of the published studies relevant to characterising 
polar compounds and metabolites from petrol/gasoline and diesel sources. 

Microbial degradation of diesel fuel and lubricating oil was studied in artificial soil 
(Langbehn and Steinhart, 1995). After 1 week and until the end of the study (25 weeks) 
organic acids and ketones were identified. These compounds were not original 
components of the oils contaminating the soil. Predominantly alicyclic and branched-
chain aliphatic organic acids as well as diacids and aromatic ketones were formed by 
degradation. 

Three diesel samples, a fresh diesel from a retail outlet, a weathered diesel (weathered 
diesel-1) from a spill release estimated to be up to 50 years old and a second 
weathered diesel (weathered diesel-2) from an anonymous site were obtained (Lang et 
al., 2009). Analysis of these samples separated out the aliphatic, aromatic and polar 
compounds. Polar components were undetectable in water equilibrated with fresh 
diesel which is expected given that many of the polar compounds that are originally 
present in crude oil are likely to be removed during refining. Polar compounds were 
reported in water equilibrated with weathered diesel (98% and 42% at each of the 
sites) and appeared largely as an UCM in the total ion chromatograms. The presence 
of polar compounds in the weathered diesel could be due to a number of sources (as 
summarised in Figure 1). The study identified the presence of a specific polar 
compound, 1-adamantanol which is a compound likely to only form from oxidation of 
adamantanes during the biodegradation of petroleum. This would be an indicator that 
at least some of the polar components reported are formed from degradation of the 
diesels (Lang et al., 2009). Lang (2011) provide a list, but no information on 
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proportions, of the identified and tentatively identified polar compounds in water 
associated with weathered diesel. These are individual compounds from the chemical 
groups: alcohols, ketones, carboxylic acids (largest range of compounds detected) as 
well as sulfur containing compounds. While there is no detailed data available on the 
proportion of these polar compounds, the list of compounds identified is consistent with 
the compounds reported in the more detailed studies referenced below. 

The most comprehensive analysis/assessment of polar compounds and metabolites 
associated with refined product sources comes from a research group commissioned 
by Chevron, with access to a range of sites for analysis. The research, as discussed 
below, is the only detailed published data that can be used to characterise the nature of 
weathered petroleum from these sources. It is noted that this review has been provided 
with a slightly more comprehensive data set from these sites (provided by Chevron), 
and this data is further discussed in Section 4 and Appendix A. The following 
provides an overview of the published data and evaluations. 

Groundwater was sampled from source areas (collected from within the smear zone1) 
and downgradient areas at five fuel terminals (four active and one inactive) in California 
with known historical fuel releases of both gasoline and diesel (Zemo et al., 2013, 
Mohler et al., 2013). A total of 22 groundwater samples were collected for the study. 
The samples collected were extracted using methylene chloride and were analysed for 
diesel-range TRH (DRO2) without and with SGC using GC-FID, for 57 target 
metabolites using GC-MS, as well as reporting tentatively identified compounds (TICs)3 
from non-targeted GC-MS and GC×GC-TOFMS analysis. The number of unique polar 
metabolite TICs in a single well ranged from 5 to 310 (Zemo et al., 2013). A greater 
number of TICs were reported for the GC×GC-MS analysis compared to the GC-MS 
analysis, confirming that the two- dimensional chromatography is necessary to resolve 
individual compounds in these complex mixtures of polar metabolites. 

The percentage of the dissolved organics that were polar compounds ranged from 65% 
to 100% in source-area samples and was 100% in downgradient samples. The site-
wide results for all five sites were similar and indicate that a per-sample average of 
46% of the polar metabolite TICs were acids/esters, 25% were alcohols, 2% were 
phenols, 22% were ketones, and 4% were aldehydes (Zemo et al., 2013). The majority 
of acids and esters identified were found to be straight-chain species, while many of 
the ketones were identified as cyclic species. Approximately 10% of the ketones were 
tentatively identified as indane-type structures with a carbonyl group on the five-
member ring, which is consistent with the large number of possible aromatic isomers 
present in the original diesel (Mohler et al., 2013). 

                                                
1 Source area smear zone is defined as the footprint of the area where soil pores beneath the 
water table contain both non-dissolved petroleum and groundwater. 
2 DRO = diesel range organics where carbon range C10-C28 are reported. This is a semi-volatile, 
or extractables, analysis. 
3 A TIC is a compound that can be seen by the testing method but its identity and concentration 
cannot be confirmed without further investigation. TICs can be reported for both conventional 
and nonconventional methods and are commonly reported using mass spectrometers.  Many 
analytical methods can report TICs – they are compounds that the instrumentation can detect 
but the analysis is not targeting specifically. A TIC is not part of the targeted analyte list for a 
method. The tentative identification is based on a match between the TIC mass spectral 
characteristics and those characteristics for compounds incorporated in a mass spectral 
computer library database. This generates a best match. TICs are often further reviewed by an 
analytical chemist. 
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All five sites also showed that there is a marked difference in the distribution of the 
identified polar metabolite classes between source-area and downgradient samples at 
each site. In source-area samples, the acids/esters (per-sample average of 30% of the 
polar metabolite TICs), alcohols (28%), and ketones (33%) are approximately equally 
distributed, with far fewer phenols (3%, including alkyl phenols) or aldehydes (6%). In 
downgradient samples, the acids/esters dominate (per-sample average of 68% of the 
polar metabolite TICs), with fewer alcohols (21%), and far fewer ketones (8%), phenols 
(2%, all as phenol and no alkyl phenols), and aldehydes (1%) (Zemo et al., 2013). 

The paper outlines an approach used to evaluate the toxicity of the polar metabolites 
identified. Each metabolite identified in each sample was assigned to a molecular 
structural class. Each structural class was assigned a human toxicity ranking based on 
published oral toxicity reference values (TRVs) from the United States Environmental 
Protection Agency (USEPA) and Texas Commission on Environmental Quality (TCEQ) 
agency values for either individual compounds in the respective class or class-wide 
summaries (Zemo et al., 2013). The following was determined: 

• For all five sites combined, a per-sample average of 84% of the polar 
metabolite TICs are ranked as ‘low’ toxicity, 14% as ‘low to moderate’ toxicity, 
and only 1% as ‘moderate’ toxicity 

• In source-area samples, a per-sample average percentages are 76% ‘low’ 
toxicity, 21% ‘low to moderate’ toxicity, and 3% ‘moderate’ toxicity 

• In downgradient samples, the profile shifts toward a lower toxicity, with per-
sample average percentages of 95% ‘low’ toxicity, 5% ‘low to moderate’ toxicity, 
and 0% ‘moderate’ toxicity. 

The increase in the per-sample average percentage of ‘low’ toxicity compounds and 
the decrease in the ‘low to moderate’ and ‘moderate’ toxicity compounds in the 
downgradient samples is due to the dominance of acids/esters, and the virtual lack of 
aromatic/polycyclic aromatic ketones, alkyl phenols, and aldehydes in downgradient 
samples (refer to Table 2) (Zemo et al., 2013). 

O’Reilly et al. (2015) evaluated the esters identified in the non-targeted GC×GC-
TOFMS analysis of extracts of 61 groundwater samples collected from ten fuel release 
sites in California, five of which were the same as those evaluated by Zemo et al. 
(2013). The 61 samples were collected at five fuel terminals and five service-station 
sites affected by releases of diesel, or a mixture of gasoline and diesel (for the 
terminals), or gasoline (for the service stations). The analysis identified 197 unique 
esters. While esters are known to be potential metabolites of alkane degradation, they 
are not major products of aerobic or anaerobic degradation processes. Esters, however 
are reversibly formed from an acid and an alcohol, which are commonly formed 
metabolites under varying conditions in weathered petroleum. In relation to the esters 
identified, these were determined to be of low potential for human toxicity (O'Reilly et 
al., 2015).  

In response to a Letter to the Editor (Hellmann-Blumberg et al., 2016) commenting on 
O’Reilly et al. (2015), O’Reilly (O'Reilly, 2016) further evaluated four esters of 1,2-
benzenedicarboxylic acid, which are also known as phthalates. Because phthalates are 
used as plasticisers in a wide range of materials, they are common anthropogenic and 
laboratory artefacts. The additional detailed evaluation (O’Reilly 2016), which included 
data for 29 upgradient samples and 31 downgradient samples that had been collected 
subsequent to the 2015 article, showed that two of the four phthalates were identified in 
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upgradient as well as downgradient samples at about the same frequency. The other 
two phthalates were identified in only one sample each of the 120 samples 
investigated. The detections of these phthalates were not found to be polar metabolites 
of petroleum hydrocarbons, rather they were attributed to well construction artefacts 
(from PVC pipes used in construction), background or laboratory contamination. 

An expansion of the work presented by Zemo et al. (2013) and O’Reilly et al. (2015) 
involved analysis of 83 groundwater samples from 18 individual fuel terminal sites and 
5 individual service station sites, in California (Zemo et al., 2017). The terminal 
releases were primarily diesel or diesel and gasoline, and the service station releases 
were primarily gasoline. These samples were analysed for DRO both without and with 
SGC to identify the hydrocarbon and the polar makeup of the extractable organic 
mixtures found in the samples, and then with targeted (57 analytes in 2011, and 76 
analytes in 2012-2015) and non-targeted gas chromatographic methods (GC-MS and 
GC×GC-TOFMS, as described previously) to provide more detail on the composition of 
the mixture and to support an assessment of the toxicity (which is detailed below). The 
assessment grouped the polar metabolites into five classes and 22 possible structural 
classes.  

For the entire study (83 samples, including those with entrained product), 
approximately 1,700 unique individual compounds within the five metabolite classes 
were tentatively identified (i.e. TICs). All of the polar compounds detected were 
assumed to be biodegradation metabolites, with no contribution from NOM. Zemo et al. 
(2017) estimated that on average 51% of the total polar material in the samples that 
was detected by the GC×GC was identified. 

The data from samples that did not contain entrained product were used to develop a 
conceptual model for the life cycle of dissolved extractable diesel-range organics in 
groundwater, as illustrated in Figure 3. The conceptual model split the groundwater 
plume into four stages of biodegradation, where the nature and characteristics of the 
polar metabolites reported in each stage differed with ongoing biodegradation:  

• Stage 1 is for plumes in which dissolved petroleum hydrocarbons directly 
associated with the source are still present 

• Stage 2 is for plumes in which dissolved hydrocarbons are absent (i.e. the 
compounds detected are 100% metabolites), but the receptor is within the 
source area smear zone only 

• Stage 4 is for plumes that are 100% metabolites, and a receptor is 
downgradient of the smear zone 

• Stage 3 is the average of Stages 2 and 4, and is provided for plumes that are 
100% metabolites, but there is uncertainty as to the location of a receptor 
relative to the smear zone. 

Figure 4 presents the per-sample average distribution of the five polar metabolite 
classes in groundwater in each stage. The toxicity of the metabolites identified in each 
of the stages, based on the approach adopted in Zemo et al. (2017) for the assessment 
of toxicity (refer to discussion below) is summarised in Figure 5. This reflects the 
ranking of toxicity for each of the metabolites structural classes detected and the per-
sample average proportion of these structural classes reported in the samples 
analysed. 
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Table 1 presents a summary of the polar metabolite classes and structural classes 
identified, along with the per-sample average proportion of these reported in each 
stage, the ranking of toxicity to humans for each of the structural classes, and the 
overall toxicity rankings for each of the four stages. 

 

 

Figure 3 Conceptual model for degradation of petroleum hydrocarbon plume for 
diesel-range organics (Zemo et al., 2017) (Ts = terminal site) 
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Figure 4 Average distribution of polar metabolite classes and in each of the stages 
identified in the conceptual model for degradation (Zemo et al., 2017) 

 

Figure 5 Average distribution of human health toxicity rankings for polar structural 
classes: in each of the stages identified in the conceptual model for 
degradation (Zemo et al., 2017) 

TIPCs = tentatively identified polar compounds (metabolites only); GRO = gasoline range organics; DRO = diesel range organics. 
GRO concentration and DRO concentration without/with SGC (µg/L) is the average for the population representing the stage. 
Results are for upland samples without entrained product collected 2011-1Q2015. 

TIPCs = tentatively identified polar compounds (metabolites only); GRO = gasoline range organics; DRO = diesel range organics; 
RfD = oral reference dose. GRO concentration and DRO concentration without/with SGC (µg/L) is the average for the population 
representing the stage. Results are for upland samples without entrained product collected 2011-1Q2015. 2,4- and 3,5-di-tert-bytyl 
phenol are classified as alkylphenols but are assigned low toxicity ranking based on toxicity data for the di-substituted alkylphenol 
category from USEPA (2009). 
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Table 1 Summary of polar metabolite classes, structural classes and toxicity for 
Biodegradation Stages 1 to 4a (Zemo et al., 2017) 

 
Notes for Table 1 (Zemo et al., 2017) 
a Data are for all upland samples without entrained separate-phase product collected 2011-1Q2015. 
b Toxicity ranking system and criteria for Expected Chronic Oral Toxicity to Humans are explained in the text and 
Supplemental Data. Oral reference dose (RfD) in mg/kg/d. Low: RfDs ≥0.1; Low to moderate: RfDs<0.1 to 0.01; 
Moderate: RfDs<0.01 to 0.001 
c Stage 1 = all service station samples (n=10); Stage 2 = Terminal site (Ts) 1-4 source-area samples (n=14); Stage 3 = 
Ts 1-4 source-area and all Ts downgradient samples (n=44); Stage 4 = All Ts downgradient samples (n=30) 
d Where identified, 2,4- and 3,5-ditertbutylphenol (DTBP) are classified as alkylphenols, but are assigned a Low toxicity 
ranking based on toxicity data for the di-substituted alkylphenol category from USEPA (2009). Percentage of 
alkylphenols or phenol class is shown, and percentage of toxicity ranking is shown in parenthesis 
e Total Avg Tox L/L-M/M = averages for each toxicity classification for each state; Low, Low to moderate; Moderate 
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In relation to the work presented by Zemo et al. (2017) the following should be noted: 

• For plumes where dissolved hydrocarbons are absent, the metabolites plumes 
are dominated by organic acids/esters, and the proportion of the acids/esters 
increases with increasing biodegradation. The overall toxicity profile of the 
metabolites plumes is low, and decreases over time as biodegradation 
continues.  

• The study addressed DRO TRH analysis relevant to typical fuel release sites 
(diesel and gasoline). The study notes that the gasoline range organics (GRO4) 
analysis is also a bulk total organics analysis, and thus metabolites or other 
types of polar compounds could be included in the quantitation. However, the 
authors consider the assessment of polar metabolites from GRO TRH analysis 
not as critical because: (1) the metabolites are highly soluble in water and thus 
difficult to purge into the GC, (2) the metabolites produced have boiling points 
that are more commonly in the DRO analysis range, and (3) the SGC is not 
applicable for the GRO analysis method (SGC is only applicable to the C10-C40 
fractions). It is noted that in Australia the GRO is analysed differently and 
includes C6-C14 and hence some of the polar compounds may be included in a 
GRO TRH analysis. The GRO and DRO analysis relates to the TRH fractions 
reported. It does not relate to the source site, e.g. petrol/gasoline and/or diesel. 
Hence allocation of data relevant to the DRO TRH fractions can be undertaken 
on all source sites, i.e. it does not preclude petrol/gasoline source sites.  

• The authors note that there may be differences in the chemical nature of polar 
compounds/ metabolites from a crude oil source, such as that near Bemidji 
plume in Minnesota. However, it is clear that the vast majority of the metabolites 
in groundwater at both the fuel release sites and at Bemidji are organic acids 
and/or esters; this is consistent with metabolic pathways of biodegradation of 
the petroleum and the metabolites. 

• The assessment has considered that the polar metabolites reported in the DRO 
analysis are non-volatile or of low volatility, such that the vapour pathway is not 
of significance. The assessment has therefore focused on oral toxicity. This 
aspect is also further addressed in Section 4.2. 

• Concentrations of metabolites measured as DRO near source areas will remain 
in groundwater at some level as long as residual hydrocarbons in the source 
are being biodegraded. 

• It is not possible to provide identification (tentative identification) of all the polar 
compounds in the UCM. It was estimated by Zemo et al. (2017) that, on 
average, 51% of the polar mass has been tentatively identified. This estimate is 
considered by Zemo et al. (2017) as likely to be biased low. While it is not 
possible to identify all of the individual compounds in any UCM, this rate of 
identification obtained is considered sufficient to extrapolate the findings to 
generally represent the nature and distribution of polar compounds in the UCM. 
This is due to the theoretical understanding of the weathering processes 
relevant to petroleum hydrocarbons as well as the consistency in the 
distribution of polar groups reported in the different samples analysed. In 
addition, review of the chromatograms (Zemo et al., 2017) indicated that many 
of the other polar compounds are likely to be isomers of the identified 
compounds, present at very low concentrations preventing tentative 
identification. 

                                                
4 GRO = gasoline range organics where carbon range C6-C10, or C6-C12 are reported 



CRC CARE Technical Report 18 
Weathered Petroleum Hydrocarbons (Silica Gel Clean-up) 

In summary, the study by Zemo et al. (2017) concluded that the potential risk posed by 
the complex mixtures of metabolites in groundwater at biodegrading fuel release sites 
to human health is not significant, and impacts to overall beneficial use are likely to be 
low. 

In contrast to this outcome, the review conducted by the SFBWB (2016) concluded that 
petroleum metabolites clearly pose risks to humans and ecological receptors. They 
recommended that polar breakdown products should be considered as part of site-
specific, petroleum-related risk assessment and also when evaluating cumulative risk. 
In addition, they indicated that the presence of polar compounds provided information 
about the stage or degree of weathering. Therefore, they recommended that 
metabolites should be evaluated as part of the CSM for specific petroleum release 
sites. It is noted that the SFBWB (2016) review primarily considered data and 
evaluations of polar compounds from crude oil or oil sand sources, with limited 
consideration of the data on diesel and gasoline sources presented in the discussion 
above. 
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4. Evaluating the toxicity and properties of polar 
compounds and metabolites 

4.1. Human toxicity 

4.1.1. Approach 

Assessing the risk of weathered hydrocarbons is complicated because the profile of 
compounds present in a weathered product, and in a dissolved phase plume, can be 
very different from the composition of fresh product. The profile will include a range of 
polar compounds. The range of polar compounds present will vary for different 
locations as well as sources of different ages as it will depend on the geology, 
hydrogeology and climate at the location. 

In general, when assessing mixtures, toxicological studies suitable for determining 
quantitative criteria either:  

1) test the toxicity of the whole petroleum hydrocarbon mixture, or  
2) test the toxicity of each compound present in the mixture individually.  

In a petroleum mixture, toxicity data are only available for a small proportion of the 
individual petroleum compounds. There are some toxicity data available for certain 
unweathered petroleum mixtures (e.g. JP-8, mineral oils, white spirit, isoparaffinic 
solvents, naphthenic distillates).  

A well-known approach created to estimate the risk posed by TRH or to derive risk-
based screening levels for petroleum-contaminated media is the fraction-based 
approach, of which there are several variations (SFBWB, 2016, WHO, 2011a, MADEP, 
2003, TPHCWG, 1999, CCME, 2008). This is the approach adopted in the NEPM for 
deriving Health Screening Levels (HSLs) (CRC CARE, 2011). In general, the fraction-
based approaches define petroleum hydrocarbon fractions on the basis of fate and 
transport properties and analytical methods that are commonly used to identify and 
quantify petroleum hydrocarbon environmental contamination. Surrogate chemicals or 
mixtures for which toxicity values can be obtained are selected to represent the toxicity 
of each fraction (TPHCWG, 1997a, TPHCWG, 1997b). The approach adopted in the 
derivation of the HSLs for the toxicity of the various TRH fractions is detailed in the 
CRC CARE (2011) report.  

While several varying approaches have been previously outlined by various agencies 
in the US and the World Health Organization (WHO), in practice there is no universally 
accepted method for determining the toxicity of relevant petroleum hydrocarbon groups 
(Zemo et al., 2017). 

The fractions considered are split into broad aromatic and aliphatic fractions and 
assume 100% of the TRH reported in these fractions have the same toxicity as the 
surrogate petroleum hydrocarbon compounds.  

International guidance is mixed on the application of the TRH guidelines in relation to 
the presence of polar compounds and the use of SGC. Some allow the use of SGC, 
others specifically preclude the use of SGC, while many others provide no specific 
guidance on the use of SGC. 
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The use of SGC methods to remove polar compounds from what is reported in TRH 
would result in the more direct comparison of a measure of TRH that only included the 
petroleum hydrocarbons, with existing petroleum TRH guidelines. However, in 
removing the polar compounds it is important that the toxicity of these compounds is 
also addressed at either a screening/guideline level or in a more detailed risk 
assessment. 

Assessing the toxicity of mixtures of chemicals, such as the UCM associated with polar 
compounds, is complex as the nature and mix of these compounds is expected to vary 
depending on the source, age of the source and weathering conditions at each 
location. Methods used to evaluate the toxicity of complex mixtures are an ongoing 
topic of scientific debate. 

The toxicity of polar compounds derived from petroleum hydrocarbons has been 
evaluated in a number of studies (as discussed further below). These studies relate to 
either human health or environmental toxicities. 

Some authors suggest that the toxicity of petroleum-derived polar compounds or polar 
metabolite mixtures is largely unknown, with few studies available, compared to 
petroleum hydrocarbons (Lundegard and Knott, 2001, SFBWB, 2016, Eisentraeger et 
al., 2008, Lang, 2011).  

It is noted that when reviewing the polar compound/metabolites in this document, the 
focus relates to polar compounds likely to be removed from TRH as a result of SGC. If 
the polar compounds are more likely to remain in the TRH, then they will be captured 
and assessed as TRH regardless of the SGC process. 

4.1.2. Refined petroleum sources 

Zemo et al. (2013 and 2017) outlined the approach they adopted for the assessment of 
human toxicity for polar metabolites reported from diesel/gasoline sources. In summary 
the approach is as follows (Zemo et al., 2017): 

• Generally, there are three ways to assess a complex mixture.  
• The preferred method is based on toxicity testing results obtained for the whole 

mixture. In the absence of information on the whole mixture, information 
obtained from tests on similar mixtures should be considered. In the event that 
even that information is not available, then toxicity information for known 
components of the mixture can be used.  

• In practice, the component approach for petroleum mixtures is most commonly 
used and has focused on “fractions” or classes such as the aromatic or aliphatic 
hydrocarbon carbon-range fractions, or on individual chemicals that are 
considered to be representative of the mixture.  

• The approach outlined by Zemo et al. (2013 and 2017) focused on identifying 
individual compounds through analysis of TICs and reviewing available 
information on oral toxicity relevant to the structural classes represented by the 
TICs. 

• This approach resulted in the ranking of toxicity, as low, low to medium or 
medium for each of the polar structural classes identified, and for each of the 
metabolites mixtures based on biodegradation stage, as summarised in Table 
1. 
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4.1.3. Crude oil sources 

Studies related to UCMs, most of which relate to crude oil or oil sand sources 
(Seymour et al., 1997, Eisentraeger et al., 2008, Tollefsen et al., 2008a, Tollefsen et 
al., 2008b, Toor et al., 2013, Scarlett et al., 2012a, Scarlett, 2007, Melbye et al., 2009) 
suggest the potential presence of some polar compounds that are considered to be 
toxic.  

Review of the mammalian toxicity of petroleum related polar compounds (Bekins et al., 
2016, Scarlett et al., 2012b, SFBWB, 2016, Toor et al., 2013) identified concern in 
relation to naphthenic acids. These have been identified in the Athabasca oil sands. 
Naphthenic acids were not specifically analysed for in the Bemidji crude oil, but are 
most likely present, as these appear to occur universally in crude oil although likely at 
different proportions (Brient et al., 2000, Scarlett et al., 2012a). Quantitative structure 
activity relationship (QSAR) modelling and use of a model to predict adverse effects 
(ADMET predictor), as well as using a panel of human cell-derived nuclear receptor 
reporter gene bioassays in relation to naphthenic acids from oil sands process water 
(Scarlett et al., 2012a) predicted that the most toxic group of naphthenic acids were 
polycyclic aromatic naphthenic acids. 

No data is available that has characterised or quantified naphthenic acids in Australian 
crude oil. A few refineries in Australia have measured the Total Acid Number (TAN), 
which has been reported to range from 0.01 to 0.3 mg KOH/g, with SE Asian crude at 
the high end of the range and Australian crude at the low end of the range. Different 
refineries run different crudes (Australian or mixed). The TAN data does not provide 
any indication of the proportion of total acids that may be present in all the polar 
compounds from crude, or the proportion that may comprise naphthenic acids. 

To address the above issues, the assessment of polar compounds that may be derived 
from crude oil sources undertaken in this report is based on the approach outlined 
below (which is based on data from refined product sources), with the exception of 
including a conservative assumption that 100% of the cyclic and polycyclic acids 
comprise naphthenic acids for the crude oil sources (but not for the refined fuel 
sources). 

4.1.4. Review of toxicity for the polar metabolites identified as TICs 

A more detailed review of toxicity has been undertaken in this report in relation to the 
polar compounds/metabolites detected in groundwater plumes, derived from refined 
petroleum sources.  

The data evaluated has been provided by Chevron for review in this assessment. The 
data is a slightly more comprehensive data set than has been considered and reviewed 
in the published literature from the Chevron research group (as summarised in Section 
3.3).  

This data covers GC×GC-TOFMS analysis of groundwater samples collected between 
2011 and 2015 from 22 sites in the US. These data were provided by Chevron in 
September 2017 for use in this review, and the 22 sites includes all of the sites that 
have been previously discussed and presented in publications (Mohler et al., 2013, 
Zemo et al., 2013, O'Reilly et al., 2015, Zemo et al., 2017), as well as additional 
unpublished data from these sites. This data is further discussed and presented in 
Appendix A. 
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Toxicity information relevant to naphthenic acids (defined herein broadly as cyclic and 
polycyclic acids), which were identified very infrequently in the fuel release plumes at 
the 22 sites, is also included to address crude oil sources.  

Review of the volatility of polar compounds (presented in Section 4.2) indicates that 
these compounds are not sufficiently volatile for the vapour inhalation pathway (from 
soil or groundwater sources) to be of significance. However, it is noted that the HSLs 
for direct contact with soil (CRC CARE, 2011) include dust inhalation. Review of the 
derivation of the HSLs indicates that the dust inhalation pathway is negligible (much 
less than 1% of the target risk), with the direct contact HSL dominated by ingestion and 
dermal intakes. For petroleum hydrocarbons, as well as the polar compounds, little to 
no information is available on dermal toxicity. Consistent with the approach adopted in 
the HSLs (CRC CARE, 2011), and NEPM guidance (NEPC, 1999 amended 2013d), 
where limited information is available on dermal toxicity, oral TRVs are adopted for the 
assessment of dermal exposures. As a result, the review undertaken for the polar 
compounds has focused on the oral pathway only. This detailed toxicity review is 
presented in Appendix A. 

Table 2 presents a summary of the range of TRVs identified for the polar metabolite 
classes for oral exposures, and compares these with the TRVs adopted in the 
development of the existing HSLs for TRH. The petroleum fractions have been 
presented for the carbon chain lengths >C10-C16 and >C16, which are the TRH fractions 
reported following SGC. 

Table 2  Review of TRVs for polar compounds/metabolites vs TRH 

Groups Range of oral TRVs (mg/kg bw/day) 
Polar compounds and metabolites 
acids 4 to 5 

naphthenic acids = 0.167 
esters 4 to 5 
alcohols 0.2 to 0.3 
ketones 0.1 to 5  

with one individual compound at 0.005 (0.6% ketone detections) 
aldehydes 0.1 to 5 
phenols 0.02 to 0.7 

C14 alkylphenol = 0.15  
with one compound (detected once) at 0.001 

TRH (for petroleum hydrocarbons) for C10+ (reported following SGC) 
>C8-C16 aliphatic 0.1 
>C8-C16 aromatic 0.04 
>C16-C34 aliphatic 2 
>C16-C34 aromatic 0.03 

 

Without looking at the distribution or weighting of the TRH fractions and polar 
compounds/metabolites that may be present from various sources, simple observation 
of the above table suggests that from an oral exposure perspective, the range in TRVs 
for the polar metabolites is similar to, or somewhat less toxic than the range adopted 
for TRH.  

However, although the absolute range of TRVs is similar, the proportion of the various 
classes must be considered for the metabolite plumes because they are mixtures.  

To further evaluate the potential toxicity of the polar mixtures, the proportion of the 
different polar compounds/metabolite classes that are present in the different stages of 
a plume, based on data from 22 sites provided by Chevron and from Zemo et al. 
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(2017), are presented in Table 3. These proportions have been adopted, along with the 
oral TRVs identified as representative (as surrogates) for the structural groups (refer to 
Appendix A), to determine a weighted TRV. Note that the proportions are calculated 
using different approaches: Zemo et al. (2017) used a per-sample average (with data 
through the first quarter of 2015), and the column “Weighting from the 22 Sites” used 
the total number of TICs identified in each stage (from all samples combined) as per 
the 2017 database provided by Chevron (with data through the third quarter 2015).   

Table 4 presents the weighted TRV for TRH, for >C10-C16, >C16-C34 and >C34-C40 for 
crude oil and as adopted in the HSLs for refined products. 

The weighted TRV has been calculated on the basis of the approach adopted for the 
derivation/combination of TRH fractions in the HSLs, also adopted by CCME (CRC 
CARE, 2011, CCME, 2008), as follows: 

TRVy=
1

∑ wfx
TRVx,y

 

where: 

TRVy = TRV for the mixture evaluated (stage or TRH fraction) 

Wfx = weight factor or % relevant to each TRH group, structural group or family within 
the mixture 

TRVx,y = TRV relevant to the TRH group, structural group or family (x) that comprise the 
mixture (y) being evaluated 
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Table 3  Weighted TRVs for polar metabolites 

Groups Oral TRVs 
(mg/kg/day) 

Weighting from 22 sites in 
2017 database as provided 

by Chevron (% based on total 
#TICs in all samples) 

Average % Distribution of Family in 
Metabolites Plumes from Zemo et al. 
2017 (% based on per-sample 
average) 

Polar compounds/metabolites Stage 1 Stage 2 Stage 4 Stage 1 Stage 2 Stage 3 Stage 4 
acids/esters 21% 37% 71% 21% 42% 64% 75% 
n- and alkyl 4 14% 26% 56% 15% 30% 52% 63% 
cyclic 4 (0.167*) 3% 4% 7% 2% 5% 4% 4% 
polycyclic 4 (0.167*) 0.3% 2% 0.8% ND 2% 1% ND 
aromatic 5 5% 5% 8% 4% 5% 7% 8% 
polyaromatic 5 0.1% ND ND ND ND ND ND 
alcohols 32.% 27% 15% 35% 26% 19% 16% 
n- and alkyl 0.3 17% 11% 8% 20% 11% 9% 8% 
cyclic 0.3 11% 10% 4% 13% 10% 6% 4% 
polycyclic 0.2 2% 3% 3% 1% 3% 3% 3% 
aromatic 0.5 3% 3% 0.7% 2% 2% 1% 1% 
polyaromatic -- ND ND ND ND ND ND ND 
ketones 35% 28% 9% 32% 25% 12% 6% 
n- and alkyl 0.1 10% 9% 4% 10% 8% 5% 3% 
cyclic 5 16% 8% 2% 15% 7% 3% 1% 
polycyclic 0.1 5% 7% 2% 3% 6% 2% 1% 
aromatic 0.1 5% 4% 2% 4% 4% 2% 1% 
polyaromatic 0.1 0.1% 0.2% 0.2% ND ND ND ND 
aldehydes 7% 7% 2% 7% 7% 2% 1% 
n- and alkyl 0.1 4% 6% 2% 4% 6% 2% 1% 
cyclic 0.1 0.8% 0.3% ND 1% ND ND ND 
polycyclic 0.1  0.2% ND ND ND ND ND 
aromatic 5 2% 1% 0.3% 2% 1% ND ND 
polyaromatic 5  0.2% ND ND ND ND ND 
phenols  4% 0.9% 2% 3% 1% 1% 2% 
phenol 0.02 2.6% 0% 0.6% 2% 0% 0% 0% 
C14 
alkylphenol 0.15 0.9% 1% 0.8% 1% 1% 0% 1% 

non-C14 
alkylphenol 0.7 0.5% 0% 0.6% 0% 0% 1% 1% 

  

Weighted TRV (mg/kg/day) 0.2 a 0.3 a 0.5 a 0.2 b 0.3 b 0.5 b 0.7 b 
Weighted TRV – crude oil c 
(mg/kg/day) 0.2 0.2 0.4 0.2 0.3 0.4 0.6 

Notes: 
ND = Not detected in any of the samples analysed 
a Calculated on the basis of the proportion of each structural group and family, based on total number of 
TICs in each stage, and the TRV adopted as a surrogate for each structural group or family (refer to 
Appendix A) for each stage, over all sites, from data as provided by Chevron in 2017 from 22 sites. 
b Calculated based on the average proportion of each structural group present in each stage from Zemo et 
al. (2017), based on the per-sample average for each stage, and the TRV adopted as a surrogate for each 
group (refer to Appendix A). 
c Calculated for crude oil based on the approach outlined above, with the exception the cyclic and 
polycyclic acids are assumed to comprise naphthenic acids, which has a lower TRV, which is 0.167 
mg/kg/day (included in brackets*) 
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Table 4  Weighted TRVs for TRH (C10-C40 as reported post SGC) 

TRH group Weighted TRV (mg/kg/day) 
Refined petroleum source 

(petrol/diesel) a 
Crude oil b 

TRH >C10-C16 0.08 0.07 
TRH >C16-C34 0.1 0.08 
TRH >C34-C40 0.1 0.08 

Notes: 
a Based on the weighting of aromatic and aliphatic fractions adopted in the development of HSLs (CRC 
CARE 2011) for refined petroleum sources, represented as a petrol/diesel mix 
b Based on the mean composition of aromatics and aliphatics in TRH from the analysis of 70 crude oil 
samples (McMillen et al., 2001). This data indicated TRH >C10-C16 comprises 25% aromatics and TRH 
>C16-C34 comprises 38% aromatics. This data is consistent with API (API, 2001) that indicates aromatics 
comprising between 15% and 40% of hydrocarbons also considered representative of the range reported 
in Australian crude (Edwards and Zumberge, 2005) 

 

Review of the weighted TRVs in the above tables indicates that, depending on the 
stage of weathering/degradation the weighted TRVs for the polar compounds are in the 
range 0.2 to 0.7 mg/kg/day, which is higher (i.e. less toxic) than the TRVs relevant to 
the assessment of refined petroleum and crude oil sources. The TRVs for the polar 
compound mixtures are higher by a factor of approximately 2- to 8-fold for both source 
types. 

4.1.5. Overview 

Review of the oral toxicity of the polar compound classes and structural groups 
indicates that depending on the stage of weathering and potential source of 
contamination, the polar compounds may be similar to or up to eight times less toxic 
than the petroleum hydrocarbons. 

The toxicity of the polar compounds is not so much lower than adopted for TRH that 
they can be disregarded. However, it is considered overly conservative to assume that 
100% of the TRH reported is as toxic as petroleum hydrocarbons. Hence, application of 
SGC can be expected to provide more representative estimates of the concentrations 
of petroleum hydrocarbons for aged releases, as well as providing insight into the 
concentration of the more mobile polar compounds, which may usefully inform risk 
assessments in certain situations. Guidelines relevant to the polar compounds could be 
determined based on applying an adjustment factor to the TRH guidelines, with the 
adjustment factor reflecting the differences in oral toxicity. 

It should be noted that there are a number of uncertainties inherent in the identification 
of polar compounds in UCMs, the identification of surrogate compounds for evaluating 
potential toxicity for polar classes as well as the petroleum hydrocarbons and 
understanding the potential mix of petroleum hydrocarbons and polar classes (and 
structural groups) from different sources or stages of weathering. 

This review has considered the available information on metabolites that may be 
present throughout the weathering process, and determined an approach to apply this 
to a wide range of sites, where contamination is characterised in accordance with the 
NEPM. 
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To apply the available information, it is important to be able to understand the stage of 
weathering relevant to a particular soil impact or groundwater plume. This would 
depend on the CSM developed for each individual site. In many cases the source area 
will be able to be easily distinguished from a highly weathered impact (in soil) or 
groundwater plume. For the purpose of this review the source area is defined as the 
extent of residual LNAPL, where LNAPL is defined based on the direct and indirect 
indicators as outlined by CRC CARE in Technical Report 23. This will include smear 
zones where relevant. This area should also include groundwater immediately 
downgradient of LNAPL, where dissolved phase hydrocarbons dominate the TRH. 

For the purpose of this review, with consideration of the TRVs identified for the polar 
compounds in various stages of weathering, the approach has considered the source 
area impacts to be characterised by data relevant to Stages 1 and 2, and the 
weathered impacts be characterised by data relevant to Stages 3 and 4. These 
simplified areas are illustrated in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Conceptual model for source area and weathered impact/ plumes relevant 
to application of guideline adjustment factors (as per Table 5) (modified from 
Zemo et al. 2017)  

 

Table 5 presents adjustment factors relevant to the source area and in a weathered 
plume or weathered soil impact. 

The adjustment factors have been determined on the basis of the difference between 
the TRVs for TRH fractions as presented in Table 4 and the TRVs for the polar 
compound mixtures (in the source area and the weathered plume) presented in Table 
3. Where a range of TRVs are presented for the polar compounds, the lower TRV has 
been adopted. As a result, the adjustment factors are considered to be conservative. 

In the source area (Stages 1 and 2): 

• The polar compound TRVs are in the range of 0.2 to 0.3 mg/kg/day for crude oil 
and refined sources (Table 3). 

• The TRVs for TRH are in the range 0.07 to 0.1 mg/kg/day (Table 4). 

Biodegradation Biodegradation 

Transport Direction and/or Increasing Residence Time 

Source area: 
Stages 1 and 2 – Source areas and smear zones that 
include dissolved hydrocarbons (HCs) and lower 
proportions of polar metabolites. The proportion of 
metabolites increases with distance away from the 
source area. 

Weathered impact/ plume: 
Stages 3 and 4 – Downgradient plume or 
depleted/weathered impact. This is where the TRH 
mass is dominated by polar metabolites, with 
increasing proportions of acids/esters downgradient. 
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• Based on the lower TRV of 0.2 mg/kg/day for the polar compounds, this is at 
least 2 times less toxic than all TRVs for the TRH fractions. Hence a 2 fold 
adjustment factor has been adopted for all fractions and for both crude and 
refined sources. 

In the weathered plume (Stages 3 and 4): 

• The polar compound TRVs are in the range 0.5 to 0.7 mg/kg/day for refined 
sources and 0.4 to 0.6 mg/kg/day for crude oil sources (Table 3).  

• For TRH C10-C16 the following is noted: 
o the TRVs for TRH C10-C16 are 0.07 mg/kg/day for crude oil and 0.08 

mg/kg/day for refined sources (Table 4) 
o the polar metabolites are six times less toxic than the TRH C10-C16 

(taking 0.5 mg/kg/day as the value for polar compounds from refined 
sources and 0.4 mg/kg/day as the value for polar compounds from 
crude sources). Hence an adjustment factor of 6 has been adopted for 
both crude and refined sources. 

• For TRH C16+ the following is noted: 
o the TRVs for TRH C16+ are 0.08 mg/kg/day for crude oil and 0.1 

mg/kg/day for refined sources (Table 4) 
o the polar metabolites are five times less toxic than the TRH C10-C16 

(taking 0.5 mg/kg/day as the value for polar compounds from refined 
sources and 0.4 mg/kg/day as the value for polar compounds from 
crude sources). Hence an adjustment factor of 5 has been adopted for 
both crude and refined sources. 

These adjustment factors relate to the difference in toxicity relevant to direct contact 
exposures between the TRVs adopted for petroleum hydrocarbon TRH fractions and 
the TRVs for the polar (non-petroleum) compounds. These adjustment factors may be: 

• Applied directly to screening values commonly adopted for TRH, such a soil 
HSL5 relevant to direct contact exposures as presented by CRC CARE (2011) 
or drinking water/recreational water guideline to develop screening guidelines 
for the polar compounds; or 

• Used in a site-specific risk assessment for the assessment of oral and dermal 
exposures. 

 
  

                                                
5 It is noted that the derivation of soil HSLs for direct contact by CRC CARE also includes assessment of 
dermal exposure. For this pathway CRC CARE has adopted the oral TRV and a dermal absorption factor 
of 20% for all TRH fractions. Review of the limited data available for the polar compounds indicates that 
dermal absorption is generally around 10%, with a default value of 10% recommended by the USEPA 
(USEPA 2004. Risk Assessment Guidance for Superfund, Volume I: Human Health Evaluation Manual, 
(Part E, Supplemental Guidance for Dermal Risk Assessment). In: Innovation, O. o. S. R. a. T. (ed.). 
Washington, D.C.: United States Environmental Protection Agency.) for general semi-volatile (and non-
volatile) organics. This means the assumption adopted in the HSLs for dermal absorption will be 
conservative for the polar compounds evaluated. On this basis the HSLs for direct contact can be modified 
using the adjustment factor that addresses differences in the oral toxicity of these compounds. 
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Table 5  Guideline adjustment factors for polar compounds 

Source type and stage of 
weathering 

Adjustment factors to apply to the different fractions 
reported post SGC* 

>C10-C16 >C16-C34 >C34-C40 
Refined and crude oil sources 
Source area (and immediately 
downgradient)** 2 2 2 

Weathered impact or plume 6 5 5 
* The concentration of polar compounds = (TRH concentration pre SGC) – (TRH concentration post SGC) 

** Source area defined as the extent of residual LNAPL, where the presence of LNAPL is determined on 
the basis of direct and indirect indicators as outlined by CRC CARE in Technical Report 23 (Box 2.1). 
Application of the adjustment factors should also apply to groundwater immediately down gradient of 
residual LNAPL, where TRH is dominated by petroleum hydrocarbons. 

 
4.2. Volatility 

In relation to the application of guidelines for the assessment of volatile TRH 
compounds, the principal and dominant pathway is vapour inhalation. The HSLs 
relevant to vapour inhalation depend on a wide range of variables associated with 
phase partitioning from soil/groundwater, diffusion, advection and migration into 
buildings and outdoor air. Where all the assumptions about land use, soil type and 
buildings remain the same, the differences between various chemicals relate to the 
phase partitioning, which is dependent on Henry’s Law.  

In relation to the polar compounds/metabolites the following should be noted: 

• Acids are not volatile; 
• Phenols, phthalates and epoxides are not volatile; 
• All polar compounds/metabolites have a lower volatility, as reflected in the 

unitless Henry’s Law constant (HL’), than the aliphatic petroleum compounds 
with most also less volatile than the aromatics.  

This aspect has been discussed in a review by Krough (2016). The above is illustrated 
in the following figure for molecules of increasing size (as represented on the x-axis): 
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Figure 7 Henry’s Law Constant for chemical classes for increasing molecule size 
[modified from (Krough, 2016)] 

 

The behaviour of the chemical classes in terms of solubility and volatility is of key 
importance for the determination of an approach to deal with vapour inhalation 
exposures for the polar compounds/metabolites. 

For the chemical classes, representative HL’ constants have been identified for the 
functional groups within C6-C10 and >C10-C16 compounds. 

The proportion of these groups that contribute to the total polar compounds/metabolites 
reported in the plume degradation stages relevant to the data evaluated, Stage 1, 2 
and 4, has also been identified so that the composition of the total C6-C10 and >C10-C16 
groups can be determined. From this, a weighted HL’ has been determined and 
compared with the HL’ adopted in the development of the HSLs (assuming a weighted 
approach is also used). 

 
  

Ln
(H

L’
) 

Increasing molar volume or total molecular surface area (TSA) 
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Table 6  Review and comparison of HL’ for polar metabolites vs TRH 

Polar 
groups 

Average HL’ for group and 
carbon length* 

Proportions present in each stage of 
weathered petroleum plume 

1 2 4 
Polar compounds: C6-C10 
acids Not volatile 5% 14% 20% 
esters 0.018 6% 13% 30% 
alcohols 0.00005 39% 36% 29% 
ketones 0.0009 38% 30% 16% 
aldehydes 0.002 8% 7% 3% 
phenols Not volatile 4% 0% 3% 

Weighted HL' 0.00013 0.00014 0.00018 
TRH weighted HL (i.e. used in HSLs) 3 3 3 
How much less volatile are the polar 

metabolites – factor 23000 21000 17000 
Polar compounds: >C10-C16 
acids Not volatile 18% 17% 30% 
esters 0.05 21% 25% 48% 
alcohols 0.000002 18% 18% 10% 
ketones 0.0005 32% 29% 7% 
aldehydes 0.00001 6% 9% 3% 
phenols Not volatile 6% 3% 2% 

Weighted HL' 0.000012 0.000012 0.000021 
TRH weighted HL (i.e. used in HSLs) 0.6 0.6 0.6 
How much less volatile are the polar 

metabolites – factor 50000 50000 29000 
* Average HL’ value is based on the range of experimental values reported/published for polar compounds 
listed within each group and for the carbon groups indicated (which includes representative compounds 
from each carbon length in these groups), based on the compilation of published data from Sander 
(Sander, 1999) 

 

The above comparison indicates that the polar compounds are between 17000 and 
50000 times less volatile than the petroleum hydrocarbons in these fraction groups. As 
a result, the vapour intrusion pathway for the polar compounds will never be of 
significance and should not be further considered in the application of any guidelines. 

The above outcome is consistent with the review undertaken by Zemo et al. (2017) and 
is fundamental to the behaviour of these polar metabolite groups regardless of the 
toxicity of the individual compounds.  

 
4.3. Ecological toxicity 

4.3.1. General 

Where there is the potential for terrestrial or aquatic receptors to be exposed to 
weathered petroleum hydrocarbons, potential ecological toxicity issues require 
consideration. 

Assessment of the ecotoxicity of mixtures is complex. This is highlighted by the 
challenges identified in establishing ecological criteria for petroleum TRH, particularly in 
aquatic environments (refer to Appendix B for discussion). 

In relation to polar compounds that may be present in petroleum products and 
metabolites present in weathered petroleum, a number of reviews (SFBWB, 2016, 
Lang, 2011) have identified the potential for ecological toxicity issues to be of 
significance. For petroleum hydrocarbon related compounds, narcosis has been 
identified as the principal mode of action (CONCAWE, 1996, Verbruggen et al., 2008). 
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4.3.2. Terrestrial 

Review of the ecological criteria established in Canada in relation to TRH >C10-C16 (F2) 
was undertaken (Angell et al., 2012) in relation to application to weathered 
hydrocarbons. This study involved toxicity tests with (183-day) weathered F2 spiked 
soil on plants and invertebrates, consistent with tests completed to derive the fresh 
product guidelines adopted in Canada. These tests showed the weathered F2 to be 
less toxic (by a factor of approximately twofold). The author utilised the data in a 
species sensitivity distribution to derive weathered F2 terrestrial ecotoxicity criteria for 
surface soil, which are as follows: 

• Residential and agricultural soil = 262 mg/kg. 
• Commercial/industrial = 338 mg/kg. 

No other detailed studies and assessments have been undertaken in relation to 
establishing soil screening criteria relevant to the terrestrial environment for other 
weathered petroleum hydrocarbon fraction groups (such as F3 and F4). 

A number of other studies (Nydahl et al., 2015, Saterbak et al., 2000) also support 
decreasing toxicity with weathering or biodegradation. 

4.3.3. Aquatic 

Review by SFBWB (2016) summarised a number of studies (in relation to sediments 
and water quality) that indicated both unweathered and weathered petroleum 
demonstrated toxicity to aquatic species. This included the petroleum hydrocarbons, 
polar compounds in crude oils, metabolites from degraded fuels and unrefined 
petroleum products.  

Some studies suggested that the polar metabolites were as toxic as the petroleum 
hydrocarbons (Wolfe et al., 1995, Reineke et al., 2006) and in some studies (Barron et 
al., 1999, Neff et al., 2000, Melbye et al., 2009) the polar compounds in UCMs were 
considered the major cause of the toxic effects observed. Further research (Scarlett, 
2007, Donkin et al., 2003) evaluated the toxicity of UCM compounds on marine biota, 
identifying toxic effects which were determined to be dominated by the aromatic UCM 
hydrocarbons. The branched alkylbenzenes, also of significance in terms of toxicity, 
were found to bioaccumulate. 

One study (Thomas et al., 1995) suggested that oxidation/weathering increases both 
solubility and toxicity. However, a number of other studies (Lundegard and Knott, 2001, 
Mao et al., 2009, Page et al., 2002, Seymour et al., 1997, Stubblefield et al., 1995) 
identified decreasing toxicity of weathered petroleum (crude and refined sources) or 
oxidised compounds over time and with increasing distance downgradient from the 
source.  

Polar compounds are highly soluble which does make these compounds more 
bioavailable to aquatic organisms. 

Studies specific to polar compounds such as naphthenic acids (Scarlett et al., 2012b), 
thiophenes and microbial metabolites (Seymour et al., 1997) and alkylphenols 
(Tollefsen et al., 2008a, Tollefsen et al., 2008b) determined these were toxic to aquatic 
organisms.  

Zemo et al. (2017) references chronic toxicity tests that have been undertaken on 
groundwater samples collected from 14 terminal sites where polar metabolites were 
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present (at a maximum concentration of 1.8 mg/L). This involved tests on three 
freshwater species where no adverse effects were observed.  

4.3.4. Overview 

In relation to terrestrial environments, the available data suggests weathered petroleum 
is less toxic than fresh sources, however, limited information is available to establish 
ecological criteria that may be more specific to weathered materials. One evaluation 
has provided ecological screening criteria for TRH F2, that may be considered where 
the CSM supports the presence of weathered materials in topsoil. For all other fractions 
insufficient data is available to better refine the current use of Ecological Screening 
Levels (ESLs) available in the NEPM for total TRH, with no SGC (NEPC, 1999 
amended 2013e, NEPC, 1999 amended 2013a). 

In relation to aquatic environments, the available studies provide evidence that the 
polar compounds should be considered. There is a significant amount of uncertainty in 
relation to the mix of polar compounds/metabolites might be present in weathered 
petroleum and their toxicity. Estimating the mix and toxicity of weathered petroleum is 
also highly complex as it will vary under different environmental conditions. These 
complexities make establishing aquatic criteria for TRH difficult. Hence where the CSM 
supports/indicates that migration and discharge of a weathered petroleum plume to an 
aquatic ecosystem is likely, either adopting screening criteria for TRH or appropriate 
petroleum surrogates (assuming the TRH comprises 100% petroleum hydrocarbons) or 
conducting aquatic toxicity testing to evaluate site-specific ecotoxicity aspects should 
be undertaken.  

Guidance on the conduct of site-specific ecotoxicity testing is available from ANZECC 
(ANZECC/ARMCANZ, 2000).  
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5. Analysis methodology 

Petroleum products are complex mixtures of hydrocarbons and other constituents with 
a composition that varies according to the source material and the nature and degree 
of processing. When released into the environment, weathering processes can further 
change the composition of the mixtures. Methods of analysis developed to date for 
petroleum contamination are designed to quantitatively extract petroleum compounds 
and then use a non-specific method for quantification, typically flame-ionisation 
detection (FID). Different extraction conditions will extract different chemical species 
and the use of non-specific detection means natural compounds are not distinguished 
from petroleum pollutants, and some polar metabolites may also be extracted and 
reported as TRH. The results of hydrocarbon analysis are therefore dependent on the 
conditions used in the test method.  

The NEPM Schedule B3 (NEPC, 1999 amended 2013c) outlines a measurement 
method for semi-volatile TRH (>C10 to C40) hydrocarbons using solvent extraction 
followed by determination by GC-FID. Results from this test are reported in three 
defined fractions: TRH >C10 to C16, >C16 to C34 and >C34 to C40. The method also 
describes an optional SGC procedure. The purpose of SGC is to remove biogenic and 
other polar analytes and thus give a better measurement of hydrocarbon 
contamination. The NEPM defines this measurement as “TRH-silica”. Most Australian 
environmental laboratories use the TRH SGC for samples where high biogenic 
interferences are expected and then report the same fractions as per the standard TRH 
method. 

Appendix C presents details of the methodology to be adopted for the SGC of soil or 
water (groundwater or surface water) samples for TRH analysis. This presents two 
procedures for SGC that are commonly used in environmental testing laboratories: in-
situ and ex-situ. The in-situ method involves adding silica to the extract to form a 
“slurry”. The in-situ clean-up has the advantage of speed and convenience, however it 
may not be as efficient in removing non-petroleum organic material as the ex-situ 
clean-up. The ex-situ clean-up involves the use of chromatography columns and so 
has a greater capacity but requires additional laboratory space and resources. 
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6. Approach for interpreting TRH results from silica gel 
clean-up 

This section provides a summary of the approach that could be adopted for the 
assessment of TRH impacts at and down-gradient of petroleum hydrocarbon release 
sites subject to individual jurisdiction requirements. At these sites SGC could be utilised 
to refine the assessment of impacts to human health and the environment. 

The application and use of SGC in the assessment of petroleum hydrocarbon 
contamination at any site needs to be undertaken with consideration of the detailed 
CSM. It is also expected that the site investigation will include and evaluate individual 
hydrocarbons and other compounds relevant to the CSM. In addition, it is assumed that 
the application of the following relates to polar compounds from weathered petroleum 
sources. 

The following references existing guidelines for TRH in soil or water. These are 
primarily available for refined petroleum sources (CRC CARE 2011). Where the source 
differs, such as a crude oil source, TRH criteria relevant to the specific product should 
be determined prior to application of the following. Alternatively, a site-specific risk 
assessment can be undertaken. 

It is noted that there are uncertainties and limitations inherent in all analytical data, 
including analysis of TRH pre- and post- SGG. This should be considered in any 
assessment undertaken, consistent with guidance provided in the NEPM (Schedule 
B2). 

Human Health 

Direct contact with soil for residential, recreational and commercial/industrial 
use:  

Compare TRH concentrations (pre-SGC) with HSLs relevant to direct contact 
exposures relevant to the land use (CRC CARE, 2011). 

If the TRH (pre-SGC) concentrations exceed the HSLs then further refinement can be 
undertaken using SGC, where the following approach can be adopted: 

• Compare the TRH post-SGC concentration directly with the HSLs; then 
• the polar compounds, i.e. TRH concentration pre-SGC minus TRH 

concentration post-SGC, require assessment. The polar compound 
concentration can be compared separately to a modified HSL, where the HSL is 
multiplied by an adjustment factor depending on the nature of the source 
product, TRH fraction and stage of weathering, as listed in Table 7. A worked 
example is provided below. 

Where there is an exceedance of the screening guidelines, or the scenario differs from 
that addressed in the HSLs, further assessment of petroleum TRH (post-SGC) and/or 
the polar compounds can be undertaken in a site-specific risk assessment. 
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Direct contact with groundwater:  

Compare the TRH concentrations (pre-SGC) with guidelines relevant to the 
environmental values (beneficial uses) identified in the CSM as being relevant to the 
site. This may include drinking water, recreational water and/or irrigation water quality 
where the guidelines relate to the protection of human health. Where stock water 
guidelines are derived from human health toxicological data, the following approach 
may also be adopted. 

If the TRH (pre-SGC) concentrations exceed the adopted groundwater criteria further 
refinement may be undertaken using SGC where the following approach could be 
considered: 

• TRH, post-SGC, directly compared with adopted groundwater criteria for TRH; 
then 

• the polar compounds, i.e. TRH concentration pre-SGC minus TRH 
concentration post-SGC, require assessment. The polar compound 
concentration can be compared separately to a modified groundwater criterion, 
where the TRH groundwater criteria is multiplied by an adjustment factor 
depending on the nature of the source product, TRH fraction and stage of 
weathering, as listed in Table 7. A worked example is provided below.  

Where there is an exceedance of the screening guidelines or there are no suitable 
screening guidelines available, further assessment of petroleum TRH (post-SGC) 
and/or the polar compounds can be undertaken in a site-specific risk assessment.. 

 
Table 7 Guideline adjustment factors for polar compounds – direct contact 

exposures 

Source type and stage of 
weathering 

Adjustment factors to apply to the different fractions 
reported post SGC* 

>C10-C16 >C16-C34 >C34-C40 
Refined and crude oil sources 
Source area (and immediately 
downgradient)** 2 2 2 

Weathered impact or plume 6 5 5 
* The concentration of polar compounds = (TRH concentration pre SGC) – (TRH concentration post SGC) 

** Source area defined as the extent of residual LNAPL, where the presence of LNAPL is determined on 
the basis of direct and indirect indicators as outlined by CRC CARE in Technical Report 23 (Box 2.1). 
Application of the adjustment factors should also apply to groundwater immediately down gradient of 
residual LNAPL, where TRH is dominated by petroleum hydrocarbons. 

 

Vapour inhalation relevant to soil and groundwater impacts: 

The polar compounds are not sufficiently volatile to be of significance in relation to 
vapour intrusion, hence SGC can be used as follows to refine the assessment of TRH 
>C10-C16: 

• Compare the TRH concentration post-SGC with the HSLs relevant for 
addressing vapour intrusion risk issues. 

• As the polar metabolites are not volatile, they do not require any further 
assessment. 
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It is noted that the presence of other volatile non-petroleum compounds, such as 
chlorinated solvents or fuel additives, should be assessed separately, consistent with 
the CSM. 

 
Ecological 

Soil impacts: 

The data available supports that weathered TRH is of lower toxicity to terrestrial 
species, however limited guidance is available. Assessment of potential ecological 
impacts should first consider application of the NEPM ESLs, as applied to TRH pre-
SGC (NEPC, 1999 amended 2013e, NEPC, 1999 amended 2013a). Where TRH 
concentrations exceed the ESLs , the revised ESLs for weathered TRH >C10-C16 (F2) 
could be adopted (subject to jurisdictional requirements), however no comparative 
screening levels are available for F3 and F4.  

Where ecological risks may be driving remedial decisions site-specific toxicity testing 
may be undertaken to better evaluate risks associated with weathered TRH. 

Groundwater/surface water: 
A detailed CSM is critical to determining the potential for TRH-impacted groundwater to 
migrate to and discharge to an aquatic environment. 

If there is the potential for discharge of affected groundwater to aquatic environments, 
a screening criterion for TRH, or an appropriate petroleum surrogate compound, may 
be adopted (assuming 100% of the TRH comprises petroleum hydrocarbons) for 
assessing potential risks to ecological receptors.  

Where use of existing guidelines needs to be further refined, it is recommended that 
site-specific toxicity testing consistent with guidance provided by ANZECC 
(ANZECC/ARMCANZ, 2000) should be undertaken to determine if the weathered 
petroleum hydrocarbon plume has the potential to adversely impact the aquatic 
environment. It is important that the site-specific toxicity testing be undertaken on 
groundwater representative of the weathered plume that may discharge to the 
environment. 

  



CRC CARE Technical Report 37 
Weathered Petroleum Hydrocarbons (Silica Gel Clean-up) 

 

 

 

Worked example 1 – TRH impacts in soil at high density residential property 

TRH C16-C34 (TRH F3) has been detected in surface soil (where it is accessible) at 7000 
mg/kg at a site to be redeveloped for high-density residential purposes. This is in excess of 
the direct contact HSL-B of 5800 mg/kg from CRC CARE (2011). All other TRH fractions are 
below the direct contact HSLs.  

SGC is undertaken on the sample and the post-SGC TRH C16-C34 reported to be 1000 
mg/kg. This represents the petroleum TRH in the sample and this concentration is lower than 
the petroleum based direct contact HSL-B of 5800 mg/kg. This TRH fraction is not volatile 
and hence no assessment of vapour intrusion risk issues needs to be undertaken. The 
NEPM includes a management limit for petroleum hydrocarbons in soil, which is 2500 mg/kg 
for coarse soil. The post-SGC concentration is less than the management limit. It is noted 
that the field notes do not indicate that the soil is odorous or stained. 

The concentration of polar compounds is 6000 mg/kg (i.e. TRH concentration pre-SGC 
minus TRH concentration post-SGC concentration). The CSM indicates that the 
contamination that remains in soil is very old and there are no indicators of a source zone. 
Hence the contamination is considered to be weathered. For weathered impacts and TRH 
C16-C34 the adjustment factor is 5 (Table 7). A revised direct contact guideline for assessing 
the polar compounds is therefore 29000 mg/kg (i.e. 5800 mg/kg x 5). The concentration of 
polar compounds (6000 mg/kg) is less than the revised guideline so there are no direct 
contact risk issues of concern.  

From an ecological perspective the pre-SGC TRH concentration reported exceeds the NEPM 
ESLs, and hence the potential for impacts to the terrestrial environment will require further 
consideration.  

Worked example 2 – TRH impacts in groundwater 

TRH C10-C16 has been detected in groundwater beneath an area where groundwater has the 
potential to be extracted and used for drinking water. The area is approximately 400 m 
downgradient of a former service station and the CSM has determined the groundwater 
plume in this area is considered to be weathered (i.e. not in the source zone). The CSM also 
indicates that the plume will not migrate to or discharge to any aquatic environments. Hence 
there is no requirement to address risks to aquatic environments. 

The TRH C10-C16 concentration reported is 0.5 mg/L. This is in excess of the WHO guidelines 
for TRH in drinking water (WHO, 2008) that range from 0.09 mg/L for aromatics and 0.3 mg/L 
for aliphatics. Concentrations of TRH >C16 are below the laboratory limit of reporting.  

SGC is undertaken on the sample and the TRH C10-C16 concentration post-SGC is reported 
to be 0.05 mg/L. This represents the petroleum TRH in the sample and this concentration is 
lower than the lowest end of the range of values from the WHO (i.e. 0.09 mg/L) mg/L. The 
concentration for this fraction is also less than the vapour intrusion HSL-A of 1.1 mg/L. 

The concentration of polar compounds is 0.45 mg/L (i.e. TRH concentration pre-SGC minus 
TRH concentration post-SGC). For weathered impacts and TRH C10-C16 the adjustment 
factor is 6 (Table 7). A revised groundwater criterion of 0.54 mg/L (i.e. 0.09 mg/L x 6, based 
on the lowest guideline from the WHO) can be determined for the polar compounds. The 
concentration of polar compounds (0.45 mg/L) is less than the revised guideline. The polar 
compounds are not volatile and hence no further assessment is required. 
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A. APPENDIX A. 

Toxicity of polar compound/metabolite groups 

A.1. Data evaluated 

The data evaluated has been provided by Chevron (and is a slightly more 
comprehensive data set than has been considered by other authors evaluating the 
Chevron data (Mohler et al., 2013, Zemo et al., 2013, O'Reilly et al., 2015, Zemo et al., 
2017)) for review and evaluation in this assessment. This data covers GCxGC-TOFMS 
analysis of groundwater samples from 22 sites associated with refined petroleum 
hydrocarbon product fuel releases. The data includes all the polar compounds detected 
and identified as TICs from analysis undertaken between 2011 and the third quarter of 
2015 (data provided by Chevron in September 2017). 

This data has been refined to remove the following from the larger dataset provided by 
Chevron: 

• Analytes detected in groundwater wells located upgradient of the petroleum 
hydrocarbon plume, which are considered to be representative of biogenic polar 
compounds and other background pollutants that include pesticides and 
phthalates. 

• Analytes detected in groundwater samples collected from downgradient but 
outside of the metabolite plume, where DRO without SGC was not detected and 
the identified polar compounds are more likely to relate to biogenic sources, 
rather than metabolites from weathered petroleum hydrocarbons. Where the 
limit of reporting for the DRO without SGC analysis was elevated, the polar 
metabolites were not removed from the data set. It is noted that the polar 
compounds detected in these low-concentration wells were consistent with 
those detected in the plume. 

• Analytes considered to be artefacts (pers. comm. Zemo) of the analytical 
method or misidentification during the mas spectral library search, with these 
compounds not likely to be metabolites or formed from the weathering of the 
petroleum hydrocarbons. 

• Phthalates (O'Reilly, 2016) that can be attributed to well construction artefacts 
(from PVC pipes used in construction), anthropogenic background or lab 
contamination. 

• Ethers and epoxides, which may be present as polar compounds in the source 
product, these compounds are not formed as metabolites and would not be 
expected to be removed during SGC (pers. comm. Danny Slee from NMI). As a 
result, these compounds do not require assessment as they will still be included 
in the TRH measurements. They do not contribute to the toxicity of the polar 
compounds removed during SGC. 

The data provided has been further reviewed for each group and structural classes to 
determine the following: 

• The general toxicity of the chemicals in the group (qualitative) 
• Whether the chemicals in these groups/structural classes are volatile 
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• What information is available for the TICs detected in these groups in terms of 
oral TRVs. These have been identified from published data from the USEPA 
and WHO/JECFA. The values identified for the TICs are assumed to be 
representative of values likely to be relevant to the structural groups, with the 
lower or more conservative values adopted for the purpose of this review. 

 
A.2. Acids/esters 

Acids and esters are the most commonly detected polar metabolites, with these being 
primary metabolites as well as secondary metabolites associated with the further 
degradation of ketones, aldehydes and alcohols. As a result, analysis by Zemo (2017) 
has identified an increasing concentration, or proportion of the TICs, attributed to 
acids/esters with increasing weathering or degradation of a petroleum hydrocarbons 
plume. 

Acids are characterised by a range of compounds with sharp, sour or pungent, or 
acidic type taste/odour. These compounds are commonly used as preservatives, 
flavour and fragrance agents (used in food and other consumer products), paints, 
adhesives, pharmaceuticals and plastics (Gallego et al., 2012).  

Esters are derived from alcohols or acids, are widespread in nature, and are 
responsible for the aroma of many fruits. Chemicals in this class can also be man-
made. Esters comprise some smaller chemicals as well as larger more complex long-
chain esters such as vegetable fats and oils. Esters are characterised by a range of 
compounds with an ethereal, sweet, fruity, solvent and sometimes pungent type of 
odour. These compounds are commonly used in flavour and fragrance agents, 
solvents, cosmetics, pharmaceuticals, cleaning products, paints and adhesives 
(Gallego et al., 2012). 

The acids/esters identified as polar metabolites as TICs have been separated into the 
following structural classes: 

• (n- and alkyl) acids/esters 
• (alkyl) cyclic acids/esters 
• (alkyl) polycyclic acids/esters 
• (alkyl) aromatic acids/esters 
• (alkyl) polyaromatic acids/esters 

The number of individual TICs identified in each of these groups is illustrated in the 
following figure. 
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A.2.1. Alkyl acids/esters 

The acids comprise compounds commonly referred to as aliphatic carboxylic acids, 
aliphatic acids, or linear saturated fatty acids. These compounds are ubiquitous in 
nature with a number commonly used as food additives (WHO, 1998) and in cosmetics 
where there is a good understanding of the metabolic pathways, which are similar for 
all fatty acids (EU, 2013). Fatty acids are present in all living organisms and have a key 
role in energy metabolism, and are essential structural components of every cell. 
Humans are exposed to fatty acids through dietary intake. These compounds are 
structurally similar and review by the EU (EU, 2013) determined that they fall into the 
lowest toxic hazard group (Cramer Class 1). The review also did not indicate any 
adverse system effects with NOAELs above 1000 mg/kg/day (EU, 2013, WHO, 1998) 
for most compounds in the group and for pentanoic acid the NOAEL is reported above 
100 mg/kg/day (OECD, 2009). 

In terms of oral reference doses or ADIs, there are few available for these acids, with 
the WHO (JECFA)6 determining that many of these acids were not of safety concern 
when used as flavouring agents in foods. The ones available are as follows: 

• Hexanedioic acid (C6): RfD = 4 mg/kg/day7 
• Dodecanoic acid (C12): RfD = 70 mg/kg/day8 

The esters in this group are predominantly methyl esters, or fatty acid methyl esters. 
Fatty acid methyl esters are metabolised similarly to other dietary fats, being 
hydrolysed to alcohols and long chain carboxylic acids. As with the acids, many of 
these esters are used as food additives. In terms of oral reference doses or ADIs, there 
are few available for these esters, with the WHO (JECFA) determining that many of 
these esters were not of safety concern when used as a flavouring agent or additive. 
As with the acids these compounds are considered to have a low oral toxicity. 

                                                
6 http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx  
7 http://www.techstreet.com/direct/nsf/Adipic-Acid-06_exec_summ.pdf (note this assessment has been 
peer-reviewed and conducted in accordance with USEPA methodology and is suitable for consideration in 
this assessment) 
8 http://www.techstreet.com/direct/nsf/Dodecanedioic-Acid-06_exec_summ.pdf (note this assessment has 
been peer-reviewed and conducted in accordance with USEPA methodology and is suitable for 
consideration in this assessment) 

http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx
http://www.techstreet.com/direct/nsf/Adipic-Acid-06_exec_summ.pdf
http://www.techstreet.com/direct/nsf/Dodecanedioic-Acid-06_exec_summ.pdf
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For the evaluation of oral exposures for acids and esters in this group a value of 4 
mg/kg/day (the lowest value available) has been adopted. 

A.2.2. Cyclic acids/esters 

These compounds are widely used as flavouring and food additives, none of which 
have been determined to be of safety concern for these uses (WHO, 2003b), with no 
TRVs available for these compounds.  

On the basis of the available information on chemicals in this structural class, the 
toxicity ranking adopted for alkyl acids/esters is considered appropriate. 

A.2.3. Polycyclic acids/esters 

No data is available for the compounds in this group, hence data adopted for alkyl 
acids and esters has been adopted for this group. 

A.2.4. Aromatic acids/esters 

These compounds are widely used as flavouring and food additives, none of which 
have been determined to be of safety concern for these uses (WHO, 2016). There are 
some individual analytes in this group for which quantitative toxicity values are 
available as follows: 

• Benzoic acid (and evaluated esters): ADI = 5 mg/kg/day (WHO, 2005); RfD = 4 
mg/kg/day (USEPA IRIS) 

• Benzenecarboxylic acid: ADI = 5 mg/kg/day (WHO, 2016) 
• Ethylparaben = 10 mg/kg/day (WHO, 2016) 

For the evaluation of oral exposures for this group a value of 5 mg/kg/day (the lower 
value available) has been adopted. 

A.2.5. Polyaromatic acids/esters 

No polyaromatic acids have been detected in the samples analysed. Only one 
polyaromatic ester has been detected in any of the analysis undertaken. 
Sedoheptulosan tetrabenzoate was detected on one occasion, from one well in the 
source area plume at one site only. This is a carbohydrate derivative of the sugar 
sedoheptulose which is a naturally occurring monosaccharide and an intermediate in 
photosynthesis and carbohydrate metabolism (Sowden, 1957). These compounds are 
naturally occurring in plants. 

No toxicity data is available for this compound, however, as it is a derivative of a 
natural sugar it should be considered to have only low toxicity, similar to the other 
esters. 

A.2.6. Naphthenic acids 

Naphthenic acid-type structures have been detected very infrequently in the polar 
metabolites from refined fuel sources, but may be present where the petroleum 
hydrocarbon source is crude oil. 

Naphthenic acids (NAs) are classically defined as a complex mixture of alkyl-
substituted acyclic and cycloaliphatic carboxylic acids. NAs contain three components: 
one or more five- or six-carbon cycloalkane rings, an aliphatic side chain of various 
lengths, and a carboxylic group. Fatty acids also satisfy the general chemical formula 
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for NAs, but are differentiated based on the biomolecules’ absence of highly branched 
alkyl groups (Brown and Ulrich, 2015). NAs are weak acids and form metal salts. NAs 
exhibit properties of surfactants due to the hydrophilic carboxyl functional group and 
the hydrophobic alicyclic end. Naphthenic acids are natural components of nearly all 
crude oils. Much of the concern raised in relation to these compounds, relates to their 
aquatic toxicity. These compounds are also resistant to biodegradation (Brown and 
Ulrich, 2015). 

In relation to human health, ECHA9 has evaluated naphthenic acids, where they have 
determined an oral TRV = 0.167 mg/kg/day. This TRV is relevant to exposures to the 
general population and is based on a NOAEL of 100 mg/kg/day from a 28-day oral 
repeated dose study and application of 600 fold uncertainty factor. This value has been 
derived and reviewed under the ECHA REACH Guidance. 

It is also noted that the SFBWB (SFBWB, 2016) derived an oral TRV of 0.06 mg/kg/day 
based on a lowest observed effect level (LOEL) of 60 mg/kg/day relevant to significant 
increases in liver and brain weights in female rats and applying a 1000 fold uncertainty 
factor. This TRV has not been peer-reviewed and has not been adopted in this 
assessment. 

A.3. Alcohols 

The available data on polar metabolites from petroleum hydrocarbon plumes have 
identified a number of alcohols present in the source area smear zone plume area as 
well as in downgradient areas. Over time alcohols will weather or degrade to 
acids/esters. 

Alcohols are characterised by a range of compounds with an alcoholic, fermented, oil, 
sweet, musty, ethereal, herbal or earthy type of odour. These compounds are present 
in a range of solvents, cosmetic products, plastics and flavour and fragrance agents 
(Gallego et al., 2012).  

The polar alcohols identified as TICs can be grouped into the following structural 
classes: 

• (n- and alkyl) alcohols 
• (alkyl) cyclic alcohols 
• (alkyl) polycyclic alcohols 
• (alkyl) aromatic alcohols 
• (alkyl) polyaromatic alcohols 

The number of individual TICs identified in each of these groups is illustrated in the 
following figure. 

                                                
9 https://echa.europa.eu/registration-dossier/-/registered-dossier/13528/1  

https://echa.europa.eu/registration-dossier/-/registered-dossier/13528/1
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A.3.1. Alkyl alcohols 

Most of the alcohols identified fall into this structural class. The OECD has undertaken 
a review of 30 primary aliphatic alcohols with carbon chain lengths in the range C6-C22, 
all of which are TICs (OECD, 2006). All the aliphatic alcohols identified as polar 
compounds fall within the range C6-C16. These compounds have the same structural 
features, similar metabolic pathways, common modes of toxicity (including ecotoxicity) 
and human health effects. 

The OECD (OECD, 2006) review determined that these alcohols are of a low order of 
toxicity following acute and repeated dose exposures. In addition, the metabolism (in 
mammals) is highly efficient for aliphatic alcohols breaking them into their component 
parts rapidly. For all the alcohols assessed, the toxicological endpoints are similar both 
qualitatively and quantitatively. In relation to acute exposures, the quantitative data on 
toxicity generally shows an inverse relationship with chain length, with the shorter chain 
alcohols inducing more pronounced effects. Repeat dose exposure studies are 
generally without significant system toxicity outcomes, with NOAELs in the range of 
200 to 1000 mg/kg/day (OECD, 2006, WHO, 1998). 

Many of the aliphatic alcohols are used as food additives where evaluation by the WHO 
(WHO, 2016) has determined there are no safety concerns when used as a flavouring 
agent. There a very limited number of individual analytes in this group where 
quantitative oral TRVs are available, noted below: 

• 2-ethyl-1-hexanol: ADI = 0.5 mg/kg/day (WHO, 2016) 
• 1-hexanol: RfD = 0.3 mg/kg/day10 

For the evaluation of oral exposures for this group, a value of 0.3 mg/kg/day (the lower 
value available) has been adopted. 

  

                                                
10 https://www.techstreet.com/nsf/standards/nsf-1-hexanol-cas-111-27-3?product_id=1937069 (note that 
this evaluation has been peer reviewed and conducted in accordance with USEPA methodology and is 
suitable for consideration in this assessment) 

https://www.techstreet.com/nsf/standards/nsf-1-hexanol-cas-111-27-3?product_id=1937069
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A.3.2. Cyclic alcohols 

Cyclic alcohols are commonly used as fragrances, or in the production of nylon, paints, 
lacquers, degreasers and plastics. 

No oral toxicity values are available for the cyclic alcohols. These alcohols are not 
considered more toxic than the alkyl alcohols and hence the oral value adopted for 
alkyl alcohols of 0.3 mg/kg/day has been adopted for this group. 

A.3.3. Polycyclic alcohols 

The polycyclic alcohols include adamantanol which is a derivative of adamantene, 
which is a compound present in petroleum. The presence of these compounds is 
considered indicative of petroleum sources and degradation processes. A number of 
other compounds such as eucalyptol and derivatives of camphor are naturally 
occurring compounds commonly used for fragrances and flavouring from this group. 
For many of these, the WHO (WHO, 2016) has not determined any safety concerns for 
a number of these compounds, when used for those purposes.  

The only oral TRV available is for eucalyptol, where a TDI = 0.2 mg/mg/day was 
determined by the Committee of Experts on Flavouring Substances of the Council of 
Europe (EC, 2002). It is noted that eucalyptol has only been detected once and may 
not be representative of the group likely to be present as polar metabolites. The TDI is 
noted to be consistent with that adopted for the alkyl alcohols. 

A.3.4. Aromatic alcohols 

Many of the aromatic alcohols are used as food additives where evaluation by the 
WHO (WHO, 2002) has determined there are no safety concerns when used as a 
flavouring agent. There a very limited number of individual analytes in this group where 
quantitative oral toxicity values are available, noted below: 

• Benzyl alcohol: ADI = 5 mg/kg/day (WHO, 2016); RfD = 0.5 mg/kg/day11 

For the evaluation of oral exposures for this group, a value of 0.5 mg/kg/day (the lower 
value available) has been adopted. 

A.3.5. Polyaromatic alcohols 

No polyaromatic alcohols have been identified in any of the analysis undertaken. 
Hence this structural group has not been further considered. 

  

                                                
11 http://www.techstreet.com/direct/nsf/benzyl_alcohol_Exec_Summ_081204.pdf (note this assessment 
has been peer-reviewed and conducted in accordance with USEPA methodology and is suitable for 
consideration in this assessment) 

http://www.techstreet.com/direct/nsf/benzyl_alcohol_Exec_Summ_081204.pdf


CRC CARE Technical Report 51 
Weathered Petroleum Hydrocarbons (Silica Gel Clean-up) 

A.4. Ketones 

There are a wide range of ketones with diverse chemical and toxicological properties. 
Aldehydes and ketones are often evaluated together because of their similar chemical 
and physical properties. The difference between aldehydes and ketones is the position 
of the carbonyl group12 within the carbon chain. In ketones the carbonyl group is 
located within the carbon chain (not at the ends). 

Ketones are soluble in water and a number are considered to be volatile with distinctive 
odours. In general, most ketones are less harmful than aldehydes. Many ketones are 
produced as food additives and fragrance chemicals, medicinal and agricultural 
chemicals. Ketones are also present in solvents and polymers in industries. The most 
commonly used ketones are acetone, methyl ethyl ketone and cyclohexanone. 

Ketones are characterised by a range of compounds with a solvent, ethereal, fruity, 
sweet, pungent, dairy, spicy and ethereal types of odour.  

The polar ketones identified as TICs can be grouped into the following structural 
classes: 

• (n- and alkyl) ketones 
• (alkyl) cyclic ketones 
• (alkyl) polycyclic ketones 
• (alkyl) aromatic ketones 
• (alkyl) polyaromatic ketones 

The number of individual TICs identified in each of these groups is illustrated in the 
following figure. 

 

 

  

                                                
12 A carbonyl group is an oxygen atom attached to a carbon atom by a double covalent bond and a 

hydrogen atom attached to the carbon atom  



CRC CARE Technical Report 52 
Weathered Petroleum Hydrocarbons (Silica Gel Clean-up) 

A.4.1. Alkyl ketones 

In terms of oral reference doses or ADIs, there are few available for these ketones, with 
the WHO (JECFA)13 (WHO, 2003c) determining that many of these ketones were not of 
safety concern when used as a flavouring agent. NOAELs are reported to be in the 
range 6.6 to 1000 mg/kg/day for 90-day studies (WHO, 2003c). The major pathway of 
metabolism for many aliphatic ketones is to the secondary alcohol (ATSDR, 1992), 
resulting in toxicity similar to the alcohols. Limited data is available for specific ketones 
reported as TICs, however, the ones that are available are as follows: 

• 2-butanone: RfD = 0.6 mg/kg/day (USEPA IRIS) 
• 2-hexanone (C6): RfD = 0.005 mg/kg/day (USEPA IRIS) 
• 4-hydroxy-4-methyl-2-pentanone (C6) (also known as diacetone alcohol, which 

is also a principal metabolite of MIBK): RfD = 0.1 mg/kg/day14 

For the evaluation of oral exposures for this group a value of 0.1 mg/kg/day has been 
adopted for most compounds, with the exception of 2-hexanone where a value of 0.005 
mg/kg/day has been adopted. This approach is consistent with that adopted on the 
basis of the available inhalation data. Note that 2-hexanone was specifically analysed 
for in 83 samples using quantitative GC-MS, and was not detected in any sample at a 
reporting limit of 10 µg/L (Zemo et al., 2017).  

A.4.2. Cyclic ketones 

Many of the alkyl cyclic ketones are used as fragrances, with evaluations undertaken 
by the WHO (JECFA)(WHO, 2003a) and RIVM (Belsito et al., 2013), have indicated no 
safety concerns when used in personal care products and as flavouring agents. 
NOAELs are reported to be in the range 250 to 3200 mg/kg/day for 90- to 730-day 
studies (WHO, 2003a). The oral TRVs available are as follows: 

• Cyclohexanone: RfD = 5 mg/kg/day (USEPA IRIS); TDI = 4.6 mg/kg/day (RIVM) 

For the assessment of oral exposures, an oral value of 5 mg/kg/day has been adopted.  

A.4.3. Polycyclic ketones 

There is limited information available on the polycyclic ketones. Some are listed by the 
WHO (JECFA) as food additives, where there are no safety concerns identified where 
used for this purpose. One of the naphthalenone compounds, nootkatone, indicates a 
NOAEL of 10 mg/kg/day (from limited studies) (HSDB). In the absence of any data 
specific to the polycyclic ketones identified as TICs, the same approach adopted for 
alkyl ketones (more conservative than for cyclic ketones that also have limited data) 
has been adopted. The oral value for aliphatic ketones (0.1 mg/kg/day) is consistent 
with the application of a 100 fold uncertainty factor to the specific NOAEL available for 
nootkatone. 

  

                                                
13 http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx  
14 http://www.techstreet.com/direct/nsf/diacetone_alcohol_Exec_Summ_.pdf (note this assessment has 
been peer-reviewed and conducted in accordance with USEPA methodology and is suitable for 
consideration in this assessment) 

http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx
http://www.techstreet.com/direct/nsf/diacetone_alcohol_Exec_Summ_.pdf
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A.4.4. Aromatic ketones 

Many of the aromatic ketones are used as fragrances, with evaluations undertaken by 
the WHO (JECFA) (WHO, 2002), indicating they have no safety concerns when used in 
personal care products and as flavouring agents. Short term studies (WHO, 2002) 
relevant to these compounds indicate NOELs in the range 13 to 1000 mg/kg/day, with 
the NOEL of 1000 mg/kg/day relevant to acetophenone (the most studied aromatic 
ketone). The oral TRVs that are available are as follows: 

• Acetophenone: RfD = 0.1 mg/kg/day (USEPA IRIS) 

For the assessment of oral exposures, an oral value of 0.1 mg/kg/day has been 
adopted.  

A.4.5. Polyaromatic ketones 

Only 2 polyaromatic ketones have been detected in the petroleum plume data, on one 
occasion each. For these compounds: diphenyl-ethanedione (C14) and 2,2-dimethoxy-
1,2-diphenyl-ethanone (C16), there are no toxicity data available.  

In relation to the assessment of oral exposures, the value adopted for aromatic 
ketones, (also consistent with that for alkyl ketones) has been adopted, which is 0.1 
mg/kg/day. 

A.5. Aldehydes 

Aldehydes are organic chemicals that include a carbonyl group attached to the end of a 
molecule with a carbon chain. Aldehydes are widespread in nature, particularly in 
plants, and are commonly used in a wide range of industrial processes and to make 
other chemicals. Some aldehydes (e.g. acetaldehyde) are made in the body, and in 
plants, as a result of alcohol fermentation.  

There are a wide range of aldehydes with diverse chemical and toxicological 
properties. The smaller molecules are soluble in water and are typically volatile with 
strong odours. Many aldehydes are used as flavourings in food and fragrances in 
perfumes and other consumer products. They are also present in resins, plastics and 
disinfectants. Some aldehydes are considered to be more harmful than others with 
formaldehyde, acetaldehyde and acrolein of greater concern. Formaldehyde and 
acetaldehyde (particularly associated with the consumption of alcohol) are classified as 
a known human carcinogens (IARC, 2016). It is noted that neither formaldehyde or 
acetaldehyde have been detected as polar metabolites in any of the analysis 
undertaken for samples taken from the petroleum plumes. 

Aldehydes are characterised by a range of compounds with pungent, ethereal, fresh, 
fruity, sweet, floral, spicy, fatty, sweaty, fermented, bready, alcoholic, earthy, cocoa or 
nutty type of odour.  

The polar aldehydes identified as TICs can be grouped into the following structural 
classes: 

• (n- and alkyl) aldehydes 
• (alkyl) cyclic aldehydes 
• (alkyl) polycyclic aldehydes 
• (alkyl) aromatic aldehydes 
• (alkyl) polyaromatic aldehydes 
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The number of individual TICs identified in each of these groups is illustrated in the 
following figure. 

 

 

A.5.1. Alkyl aldehydes 

The alkyl aldehydes detected as polar metabolites in these plumes principally comprise 
the longer chain alkyl compounds. The short chain compounds such as acetaldehyde 
and formaldehyde have not been detected. 

In terms of oral reference doses or ADIs, there are few available for these aldehydes, 
with the WHO (JECFA)15 (WHO, 1998) determining that many of these aldehydes were 
not of safety concern when used as food additives. Limited data is available from the 
WHO (1998), however, the available short and long-term studies for these compounds 
suggest a NOAEL > 125 mg/kg/day. The oral TRVs available are as follows: 

• Nonanal: ADI = 0.1 mg/kg/day (JECFA 2002 evaluation16) 
• Octanal: ADI = 0.1 mg/kg/day (JECFA 2002 evaluation11) 

For the assessment of oral exposures, a value of 0.1 mg/kg/day has been adopted. 
This value is consistent with the oral value adopted for alkyl ketones. 

A.5.2. Cyclic aldehydes 

Only six individual cyclic aldehydes have been detected in the analysis undertaken, 
with cyclopentanecarboxaldehyde (C6) and cyclohexanecarboxaldehyde (C7) the most 
commonly detected compound in this group. The other cyclic aldehydes (C8-C11) were 
only detected on one occasion each. There is little to no data on the toxicity of these 
compounds.  

In the absence of data relevant to these compounds, the approach adopted for alkyl 
aldehydes has been adopted (noted to be more conservative than adopted for cyclic 
ketones). 

                                                
15 http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx  
16 http://www.inchem.org/documents/jecfa/jeceval/jec_1719.htm  

http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx
http://www.inchem.org/documents/jecfa/jeceval/jec_1719.htm
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A.5.3. Polycyclic aldehydes 

Only one polycyclic aldehyde has been detected, on one occasion only, namely 4-(1-
methylethyl)-1-cyclohexene-1-carboxaldehyde (also known as phellandral). There is no 
toxicity information in this compound.  

In the absence of data relevant to these compounds, the approach adopted for 
polycyclic ketones and cyclic aldehydes has been adopted. 

A.5.4. Aromatic aldehydes 

The aromatic aldehyde compounds detected primarily comprise benzaldehyde, 
benzeneacetaldehydes (also known as phenylacetyl aldehyde), methylphthalaldehydes 
and isopropyl phenyl propionaldehydes. 

In terms of oral reference doses or ADIs, there are few available for these aldehydes, 
with the WHO (JECFA) (WHO, 2003d) determining that many of these aldehydes were 
not of safety concern when used as food additives or flavouring agents. No data is 
presented for the specific phenylacetyl aldehyde compounds detected as polar 
metabolites, however, for a representative compound (WHO, 2003d) the NOAEL from 
a 90-day study was around 17-19 mg/kg/day. The oral TRVs available are as follows: 

• Benzaldehyde: ADI = 5 mg/kg/day (WHO JECFA); RfD = 0.1 mg/kg/day 
(USEPA IRIS) 

The data available for benzaldehyde have been adopted for the assessment of this 
group, which is 0.1 mg/kg/day. 

A.5.5. Polyaromatic aldehydes 

Only one polyaromatic aldehyde has been detected, on one occasion only, namely 4-
(phenylmethoxy)-benzaldehyde. There is no toxicity information in this compound.  

For the purpose of this assessment, the data adopted for benzaldehyde has been 
adopted for this compound. 

A.5.6. Phenols 

The phenolic polar alcohols identified as TICs can be grouped into phenol and alkyl 
phenols (26 individual compounds detected). 

Phenol can occur naturally in the environment as a product of organic matter 
decomposition and combustion of wood. Phenol is manufactured for use in phenolic 
resins, disinfectant and antiseptic and as an intermediate in organic synthesis (ATSDR, 
2008). Anthropogenic sources of phenol into the environment include vehicle exhaust 
and waste streams associated with its manufacture. Predominantly, phenol is released 
as air emission resulting from venting. Phenol can also be released in metabolic 
processes in which it occurs as an intermediate. For example, phenol can be produced 
from the degradation of organic wastes containing benzene, an organic compound 
found extensively in the environment. The primary occurrence of phenol as a soil 
contaminant is in former gas works and coking works sites (ATSDR, 2008). 

Phenols (C6) have been evaluated in the NEPM (NEPC, 1999 amended 2013f) where 
the following TRVs were identified as relevant for the assessment of oral exposures: 

• TRV = 0.7 mg/kg/day  
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In relation to the alkyl phenols, these comprise various methylphenols, 
methylethylphenols, dimethylethylphenols, trimethylphenols, dimethylphenols and 
propylphenols. Some of the alkyl phenols are used as flavouring agents, where the 
WHO (WHO, 2011b, WHO, 2001) had not identified any safety concerns when used for 
this purpose. The following oral toxicity values are available for the types of alkyl 
phenols detected in the petroleum plumes: 

• 2-methylphenol (o-cresol) (C7): MRL = 0.1 mg/kg/day (ATSDR); TDI = 0.05 
mg/kg/day (RIVM); RfD = 0.05 mg/kg/day (USEPA IRIS) 

• 4-methylphenol (p-cresol) (C7): MRL = 0.1 mg/kg/day (ATSDR); TDI = 0.05 
mg/kg/day (RIVM) 

• 3,4-dimethylphenol (3,4-xylenol) (C8): RfD = 0.001 mg/kg/day (USEPA IRIS), 
noting that the review from WHO (WHO, 2011b, WHO, 2001) did not suggest 
that this phenol was more toxic that other phenols such as cresol and 2,4-
dimethylphenol 

• 2,4-dimethylphenol (2,4-xylenol) (C8): RfD = 0.02 mg/kg/day (USEPA IRIS) 
• 2,6-di-tert-butylphenol (phenol, 2,6-bis(1,1-dimethylethyl)-) (C14): TDI = 0.15 

mg/kg/day (OECD, 1994) 

For the assessment of alkyl phenols, an oral value of 0.02 mg/kg/day has been 
adopted for most compounds, with the exception of compounds in the C14 group where 
a value of 0.15 mg/kg/day has been adopted. 
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B. APPENDIX B. 

Review of Ecotoxicity for TRH 

One of the requirements of the amended NEPM was to better assess the potential for 
ecological effects from land contamination. For the surrogate measure, TRH, this is 
leading to some difficulties with the available guidelines, particularly in relation to the 
assessment of aquatic toxicity.  

Canadian guidance was used to develop guidelines for petroleum hydrocarbons in soil 
based on ecological protection. Canadian guidelines for TRH fractions F3 and F4 were 
adopted in the NEPM. For TRH fractions F1 and F2, data presented in the Canadian 
guidance was used, in conjunction with the Australian EIL methodology to develop the 
soil ESLs presented within the NEPM (NEPC, 1999 amended 2013a). In addition a 
sediment quality guideline, that is based on common limits of detection rather than 
ecotoxicity information is also available (Simpson et al., 2013). 

However, no such guidelines were developed for groundwater or surface waters.  

This review further evaluates relevant to determining guidelines for TRH in aquatic 
ecosystems. TRH guidelines for waters based on ecological protection are available 
from international sources, including:  

• Verbruggen (2004) Environmental Risk Limits for Mineral Oil (TPH), RIVM 
Report 601501021/2004 
http://rivm.openrepository.com/rivm/bitstream/10029/9004/1/601501021.pdf  

• CCME (2008) Canada-Wide Standards for Petroleum Hydrocarbons in Soil 
(and supporting docs) 
http://www.ccme.ca/en/resources/contaminated_site_management/phc_cws_in
_soil.html  

Both of these documents develop guidelines by making assumptions about the 
proportions of different sized hydrocarbon molecules that are present in water samples. 
TRH analysis looks at the presence of all hydrocarbon based compounds present in a 
sample. The analysis method groups the compounds that have similar physico-
chemical properties and ecotoxicity for reporting (i.e. groups based on molecular 
weight and structure). Currently, in Australia, TRH is reported in 4 groups or fractions: 
F1 (C6-C10); F2 (>C10-C16); F3 (>C16-C34); and F4 (>C34-C40). It is important to note that 
the choice for where these groups start and finish is arbitrary and is not based on 
specific technical/toxicity aspects.  

In terms of aquatic toxicity, some data is available and guidelines are available for 
individual petroleum hydrocarbons such as benzene, toluene, ethylbenzene, xylenes, 
cumene, naphthalene and other polycyclic aromatic hydrocarbons (anthracene, 
phenanthrene, fluoranthene and benzo(a)pyrene) (ANZECC/ARMCANZ, 2000). 
Limited data is available for TRH mixtures. 

RIVM (Dutch authorities) and CCME (Canadian authorities) have both proposed an 
approach to developing ecological guidelines for TRH that include a number of 
assumptions. 

 

http://rivm.openrepository.com/rivm/bitstream/10029/9004/1/601501021.pdf
http://www.ccme.ca/en/resources/contaminated_site_management/phc_cws_in_soil.html
http://www.ccme.ca/en/resources/contaminated_site_management/phc_cws_in_soil.html
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RIVM Approach 

The RIVM (Verbruggen, 2004) review used data and modelling to determine 
soil/sediment and water risk limits for multiple narrow fractions (more narrow than those 
used for the TRH fractions described above). The modelling was based on an 
assumption that the molar concentration in membrane lipid was the driver for toxicity – 
i.e. the molar concentration at which effects occur will be similar across organisms 
(internal effect concentration). This view is based on these chemicals acting via a 
similar mode of action – narcosis. They also used ecotoxicity data for seven species 
covering marine and freshwater species and benthic species to ground truth the 
modelling. 

There are some issues with the assumed values for some of the parameters used in 
the modelling and their applicability to Australia. The modelling assumed that: 

• 10% organic matter in soil/sediments (used in soil/sed risk limits) 
• 30 mg/L suspended matter in surface waters (used in “total” water risk limits) 
• Suspended matter in surface waters included 20% organic matter (used in 

“total” water risk limits) 

These assumptions about organic matter content and levels of suspended matter are 
much higher than would be appropriate for Australia and for these parameters a higher 
value will result in a higher guideline value at the end of the modelling. As a 
consequence, the RIVM guidelines as calculated may not be appropriate for Australian 
conditions. The approach could be adapted by using values relevant for Australia in the 
modelling and recalculating the guideline values.  

In addition to these more obvious issues with extrapolating the guidelines to use in 
Australia, the modelling approach used by the Dutch authorities resulted in very low 
values for the guidelines.  

Canadian Council of Ministers of the Environment Approach 

The Canada Wide Standards for Petroleum Hydrocarbons in Soil (CCME, 2008) 
provides the information that was used in calculating the ESLs that have been included 
in the NEPM.  

Appendix H of the CCME (2008) document details the calculation of TRH guidelines for 
water (ground or surface water). The document discusses two ways of determining a 
guideline: 

• Use of toxicity of a surrogate chemical for each fraction 
• Modelling calculations (critical body residue) (same approach as RIVM) 

Surrogate Approach 

The surrogate chemical approach used the following chemicals to determine a water 
quality guideline for F1 and F2 (noting no guidelines were established for F3 and F4): 

• For the F1 fraction – n-hexane was used as the surrogate for all aliphatic 
compounds in this fraction and toluene (initial calculation) and 
trimethylbenzenes (final version) for all the aromatic compounds in this fraction 
(concentrations for benzene, toluene, ethylbenzene and xylenes are already 
removed from TRH F1 measurements and assessed separately) 
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• For the F2 fraction – decane was used as the surrogate for all aliphatic 
compounds and naphthalene was used for all aromatic compounds.  

These surrogate chemicals are ones for which ecotoxicity data exists and while they 
are expected to be a good indicator of average toxicity for that fraction, there are few 
petroleum hydrocarbons for which sufficient ecological data is available. The TRVs 
adopted by CCME for these surrogate chemicals are similar to, but in some cases (e.g. 
for toluene) are lower than the current Australian water quality guideline. 

Critical Body Residue Approach 

The second approach recommended in the document involves the same sort of 
modelling approach used by the Dutch authorities – a critical body residue approach 
again assuming these chemicals cause effects in the organisms via narcosis. 

Most of the available data about the amount of these chemicals present in lipid that 
was linked to effects is based on acute effects – i.e. mortality. The molar concentration 
of these petroleum hydrocarbons in lipid that is linked to mortality ranges from 30 to 
200 mmol/kg lipid. Water quality guidelines are usually designed to be protective for 
acute effects (short exposure/significant effects) and chronic effects (longer exposures 
and more subtle effects). Therefore, the Canadian guidance discusses applying an 
acute to chronic ratio to convert this critical concentration to one that protects for 
chronic situations.  

In a similar way to the Dutch approach the critical body residue value resulted in a 
much lower TRV than determined using the surrogate chemical approach.  

Overview 

This review provides an indication of the complexities associated with establishing TRH 
guidelines for aquatic environments.  

The surrogate chemical approach adopted by CCME (2008) is consistent with the 
method used in developing the human health guidelines for petroleum hydrocarbons by 
the TPHCWG (TPHCWG, 1997a). 

The critical body residue modelling approach makes a number of assumptions that are 
difficult to confirm or measure and the modelling has resulted in TRVs that are much 
lower than those determined by the surrogate chemical method.  

The surrogate chemical approach assumes all of the compounds in a particular fraction 
are of the same ecotoxicity as the surrogate chosen. The ecotoxicity data for these 
surrogate compounds are from ecotoxicity tests with individual chemicals, much more 
straightforward to measure than measurement of the ecotoxicity of a mixture of 
petroleum hydrocarbons, so should be more reliable. The surrogate chemical chosen 
should be one of the more toxic individual compounds present in the fraction.  

The above approaches all result in different guidelines, some of which (where the 
tissue residue approach is adopted) result in criteria that are below analytical limits of 
reporting for TRH.  

In some cases, the assumptions adopted are not consistent with Australian conditions 
or guidelines. It is important to always check guideline sources and the assumptions 
adopted prior to using any of these TRH guidelines.  
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C. APPENDIX C. 

Analytical Method: Silica Gel Clean-up 

C.1. Introduction 

Petroleum products are complex mixtures of hydrocarbons and other constituents with 
a composition that varies according to the source material and the nature and degree 
of processing. When released into the environment, weathering processes can further 
change the composition of the mixtures. Methods of analysis developed to date for 
petroleum contamination are designed to quantitatively extract petroleum compounds 
and then use a non-specific method for quantification, typically flame-ionisation 
detection (FID). Different extraction conditions will extract different chemical species 
and the use of non-specific detection means natural compounds are not distinguished 
from petroleum pollutants, and some polar metabolites may also be extracted and 
reported as TRH. The results of hydrocarbon analysis are therefore dependent on the 
conditions used in the test method. Variability in methods used to measure petroleum 
hydrocarbons and in the analytical results obtained can present a major constraint on 
the ability of industry to comply with regulation and improve site remediation. 

The NEPM (NEPC, 1999 amended 2013a, NEPC, 1999 amended 2013b, NEPC, 1999 
amended 2013c) uses the term Total Recoverable Hydrocarbons (TRH) in petroleum 
hydrocarbon analysis. The NEPM Schedule B3 (NEPC, 1999 amended 2013c) outlines 
a measurement method for TRH and includes a TRH SGC procedure for the 
determination of TRH >C10-C40. The purpose of SGC is to remove biogenic and other 
polar analytes and thus give a better measurement of hydrocarbon contamination due 
to a petroleum source. Section 10.2.7 of Schedule B3 [2] states – “where significant 
levels of non-petroleum hydrocarbon interferences are suspected, a silica gel clean-up 
is recommended”. The NEPM defines this measurement as “TRH-silica” and provides 
some guidance on how to apply a SGC.  

Two procedures for silica clean-up are commonly used in environmental testing 
laboratories, in-situ and ex-situ. The in-situ method involves adding silica to the extract 
to form a “slurry”. The in-situ clean-up has the advantage of speed and convenience; 
however, it may not be as efficient in removing non-petroleum organic material as the 
ex-situ clean-up. The ex-situ clean-up involves the use of chromatography columns 
and so has a greater capacity but requires additional laboratory space and resources. 
Both approaches are included here.   
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C.2. Scope & Application 

The SGC procedures presented here are to be applied to extracts generated from the 
NEPM Schedule B3 method (NEPC, 1999 amended 2013c) for the analysis of Total 
Recoverable Hydrocarbons in soil. The extract needs to be reduced to a nominal 
volume prior to silica clean-up (to a volume of between 1 and 2 mL).  

The silica gel procedure is applicable to the determination of TRH C10 to C40 range 
hydrocarbons only and cannot be applied to TRH C6 to C10/BTEX extracts.   

C.3. Experimental 

The following procedures are based on the SGC methods described in the Canadian 
TRH method: “Reference Method for the Canada-Wide Standard for Petroleum 
Hydrocarbons in Soil - Tier 1 Method” (CCME, 2001).   

The method describes two options: an in-situ SGC and an ex-situ (column) clean-up. 
The method is intended to be supplemental to the NEPM Schedule B3 Laboratory 
method for the determination of Total Recoverable Hydrocarbons in soil samples. The 
methods below apply to an aliquot of sample taken after extraction. 

Soil & Water Extraction 

• Soil extraction – an aliquot of solvent is taken from the soil extract derived using 
the NEPM method for the determination of Total Recoverable Hydrocarbons in 
soil samples (NEPM Schedule B3, 2013).    The aliquot should be dried with 
sodium sulfate 1 then reduced to between 1 and 2 mL before proceeding to the 
silica gel clean-up steps. 

• Water samples are extracted multiple times with hexane by direct liquid-liquid 
partitioning (e.g. USEPA 3510).  The combined extracts are dried with sodium 
sulfate (anhydrous) and then reduced to between 1 and 2 mL before 
proceeding to the silica clean-up steps.  

 

Option A – In-situ Silica Gel Clean-up 

• Add a minimum of 20 mL of 50: 50 n-hexane:dichloromethane17 to the 
concentrate. 

• Add 100% activated silica gel1 to the extract in an amount of 0.6 g silica gel2,3 
per gram of dry sample. 

• Stir or shake the mixture for a minimum of 5 minutes, then recover the solvent 
mixture. 

• If volume reduction is required to meet the required MDL, evaporate the extract 
to 1 mL (evaporation conditions must be demonstrated to avoid the loss of n-
C10 hydrocarbon. 

• Extract can now be transferred to a vial and analysed by GC-FID (procedure 
described in NEPM Schedule B3, 2013) 

                                                
17 All reagents are to be analytical reagent grade or better 
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Notes for Option A: 

1  It is essential to remove residual moisture and acetone from extracts or the SGC will not be 
effective. Sodium sulfate is anhydrous and dried prior to use.  

2  Silica gel should be pure, 60 to 200 mesh and should be 100% activated by drying at >101oC 
overnight and used immediately. 

3  Standardisation of the amount of activated silica to be used per mass of sample extracted is critical 
to the reproducibility of the test. 

4  When the total quantity of extractable organics from a sample is estimated to exceed 500 mg, it is 
recommended that an appropriate quantitative fraction of the sample be cleaned up. This prevents 
saturation of silica gel, which will occur only with samples that contain extremely high levels of 
organics. If only a portion of a sample is cleaned up, ensure that this is considered as a dilution during 
calculations. 

 
Option B – Ex-situ Silica Gel Column Clean-up 

• Prepare a silica gel column for each sample. Place a small quantity of glass 
wool into the bottom of a glass column with an internal diameter of 
approximately 15 to 20 mm., then dry-pack the column with (5.0±0.2) g of 100% 
activated silica gel1.  

• Add about 1 cm of anhydrous sodium sulfate2 to the top of the silica gel. The 
column dimensions must be such that the bed depth of the silica gel exceeds 
20 mm. Clean and wet the column by eluting at least 10 mL of 50:50 
hexane:DCM through the column. Do not collect this eluant. 

• Quantitatively transfer the extract onto the silica gel column. Collect all further 
eluant from the silica column in an evaporating vessel. Allow the solvent level to 
drop below the top of the silica bed, and then elute the column with a minimum 
of 20 mL of 50:50 hexane:DCM. 

• Using an evaporation apparatus, reduce collected solvent to a volume of 
approximately 2 to 5 mL. Quantitatively transfer the extract to a smaller vial and 
concentrate further to an accurate final volume of 2 mL, or to a larger final 
volume, if appropriate depending on desired MDL. Evaporation conditions must 
be demonstrated to avoid the loss of the n-C10 hydrocarbon. 

• If the extract is not to be chromatographed immediately, transfer the extract to a 
vial and store in the dark at 4oC or less. Bring the extract back to room 
temperature before GC analysis. 

Notes for Option B: 

1 Silica gel should be pure, 60 to 200 mesh and should be 100% activated by drying at >101oC 
overnight and used immediately. The SGC is intended to selectively remove naturally occurring polar 
organics without removing most petroleum hydrocarbons. It is recognized that some petroleum 
hydrocarbons and their degradation products may also be removed to some extent. Adequate rinsing 
of the silica gel column, however, will minimize these losses. 

2 Sodium suldate is anhydrous granular and dried at >101 o C overnight. 

 

C.3.1. Analysis 

The finished extracts are analysed by GC-FID using parameters defined in section 13.3 
of the NEPM Schedule B3, Method A2: Determination of semi-volatile TRH: TRH >C10 
– C40. 
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C.4. Discussion 

The silica gel in-situ method is an effective clean-up method but some care is required 
when using this procedure. For example, the extract must be dry and free of acetone 
prior to the addition of silica. Water and/or acetone can reduce the absorption capacity 
of the silica potentially resulting in an over-estimation of hydrocarbon concentration. 
The CCME suggest addition of sodium sulfate to the extract prior to exchange with 
hexane:DCM. Another issue is loading capacity. The recommendation here is that 
where the total organic load is suspected to exceed 500 mg then a smaller portion of 
extract is taken to reduce the chance of saturation of the silica. Where samples are 
expected to have a high concentration of natural biogenic material, the ex-situ method 
should also be considered as the preferred option. A silica column will have a higher 
capacity to remove non-petroleum organics compared to the in-situ approach.      
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