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ABSTRACT: Ignitable liquid residues recovered from a fire scene will often show signs of weathering as a result of exposure to the heat of the
fire. In addition, when the substrate is rich in organic matter, both weathering and microbial degradation may be observed. In this study, 20 lL
aliquots of fresh gasoline samples were intentionally weathered and also subjected to microbial degradation in potting soil. These samples were then
analyzed using a passive adsorption–elution recovery method and gas chromatography ⁄ mass spectrometry. Peak areas from compounds of interest
were normalized and autoscaled and then subjected to principal components analysis. This analysis showed that while lower boiling compounds are
subject to weathering, a different set of compounds are subject to microbial degradation. Of the compounds studied, heptane, octane, toluene, and
ethylbenzene were the most vulnerable to both weathering and microbial degradation. In contrast, 1,3,5-trimethylbenzene and 2-ethyltoluene were the
most resistant to both phenomena.
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Identifying ignitable liquid residues (ILR) such as gasoline in fire
debris samples using gas chromatography ⁄ mass spectrometry
(GC ⁄MS) is an important part of an arson investigation. Currently,
one of the most popular methods for isolating ILR from fire debris
is passive adsorption onto an activated charcoal strip followed by
solvent elution of the ILR using carbon disulfide, pentane, or another
appropriate solvent. The performance of this technique has been well
studied (1–4) and its procedures have been standardized (5).

Following isolation of the ILR, analysis by GC ⁄ MS is used
almost universally to detect and classify the type of ignitable liquid
that may be present. Extracted ion profiles (EIPs) that are charac-
teristic of particular compound classes are generated (i.e., alkanes,
aromatics, cycloparaffins, indanes, and polynuclear aromatics)
(3,6,7). In addition, specific target compounds are identified by
their mass spectra and retention times. In particular, 2-ethyltoluene,
3-ethyltoluene, 4-ethyltoluene, 1,3,5-trimethylbenzene, and 1,2,4-
trimethylbenzene must be present according to the American
Society for Testing and Materials standard governing the analysis
of ILR by GC ⁄ MS (8).

There are several challenges to the interpretation of GC ⁄ MS
results. One of the most common is the presence of a large back-
ground of pyrolysis products that can obscure ILR patterns (9,10).
EIPs are specifically intended to filter out these signals. Another
challenge is weathering, which distorts the ILR chromatographic
profile as a result of evaporation or partial burning, which results
in the loss of low-boiling compounds. Comparison of a weathered
sample with a library of weathered exemplars can assist in the

interpretation of these results. Chemical markers of weathered
gasoline have also been reported (11).

Less commonly, microbial degradation can occur in samples rich
in organic matter. Microbial degradation of compounds found in
petroleum is a well-known phenomenon in environmental science
where indigenous bacteria can metabolize petroleum compounds to
remediate contaminated areas (12–16). In contrast, microbial degra-
dation of hydrocarbons in fire debris is problematic. In these cases,
the identification of ILR can become difficult or even impossible
given enough microbial action. The forensic literature contains sev-
eral examples where microbial degradation of ignitable liquids has
been studied in controlled laboratory experiments (17–20). Bacteria
from the genus Pseudomonas, which are believed to be largely
responsible for biodegradation in fire debris, have been cultured
and identified by Kirkbride et al. (18). We have previously demon-
strated that ignitable liquids are being degraded instead of adsorbed
by the organic matter that makes up soil (20). In these studies,
gasoline was spiked onto autoclaved (sterilized) soil and a compari-
son with a gasoline standard and gasoline exposed to ‘‘living’’ soil
showed that the losses observed in the live soil were not observed
in sterile soil, and hence, they are caused by microbial action, not
because of soil adsorption effects.

The complex nature of gasoline and other ignitable liquids
makes statistical approaches attractive for the data analysis of fire
debris samples. A recent review by Sandercock (21) discusses the
many statistical approaches that have been applied to the analysis
of various neat and weathered ignitable liquids. One of the most
common statistical methods being used is principal components
analysis (PCA) (22–25). Overall, these studies have been focused
on the chemical fingerprinting of ignitable liquids, with a particular
emphasis on discriminating and identifying different ignitable
liquids in varying stages of weathering.

1Department of Chemistry and Chemical Biology, Forensic and Investigative
Sciences Program, Indiana University Purdue University Indianapolis (IUPUI),
402 North Blackford Street, LD 326, Indianapolis, IN 46202.

*Financial support provided by the National Science Foundation via a GK-12
Fellowship.

Received 11 Aug. 2010; and in revised form 10 Jan. 2011; accepted 22
Jan. 2011.

J Forensic Sci, January 2012, Vol. 57, No. 1
doi: 10.1111/j.1556-4029.2011.01989.x

Available online at: onlinelibrary.wiley.com

64 � 2011 American Academy of Forensic Sciences



The work described here takes a different approach in that the
effects of weathering and microbial degradation on gasoline sam-
ples will be compared using PCA to elucidate relationships
between variables that may be less obvious. In particular, the effect
of the two processes on the chromatographic profile of gasoline
will be discussed so that those compounds that are least vulnerable
to either weathering or degradation can be identified.

Materials and Methods

Chemicals

Gasoline (87 octane, unleaded) was obtained locally. Pentane
was obtained from Fisher Scientific Company LLC (Chicago
Branch, Hanover Park, IL). Standards of various alkane and aro-
matic compounds identified in gasoline were purchased from VWR
International (Batavia, IL), Sigma-Aldrich Inc. (St. Louis, MO),
and Fisher Scientific. Activated charcoal strips and unlined quart-
sized paint cans were obtained from Albrayco Technologies, Inc.
(Cromwell, CT) and Lab Safety Supply Inc. (Janesville, WI),
respectively. Hyponex� brand potting soil was obtained from Wal-
Mart (Indianapolis, IN).

Weathering Study

Approximately 2 mL of fresh gasoline was transferred to each of
15 culture tubes. The tubes were then capped and the mass of the
gasoline in each tube was determined. The caps were then removed
from 12 of the tubes, which were placed under a stream of nitrogen
until approximately 25%, 50%, 75%, and 90% of the original vol-
ume was evaporated (three replicates per level). The evaporated
samples were then recapped and weighed again to obtain the mass
of evaporated gasoline. Unweathered samples were allowed to
stand during the evaporation of the other samples with the caps
remaining tightly in place. 20 lL of each sample were spiked onto
a Kimwipe (Fisher Scientific) in a quart-sized paint can and
analyzed by passive headspace adsorption followed by solvent
elution.

Degradation Study

Twenty microliter aliquots of gasoline were spiked onto approxi-
mately 90 g of potting soil and stored in a sealed quart-sized paint
cans for 0, 7, 11, and 22 days. The samples, as well as a soil con-
trol and a can control, were then analyzed using passive headspace
adsorption followed by solvent elution.

Sample Preparation

The protocol used here is consistent with the analysis of fire deb-
ris in the Indiana State Police laboratory. In this procedure, one-
third of a charcoal strip (c. 7 · 9 mm2) was suspended on a pre-
baked paper clip using a strand of nylon string. The can was sealed
and baked in an oven at 85�C for 4 h. After cooling the can to
room temperature, the carbon strip was removed. The gasoline was
eluted off the strip by adding 400 lL of pentane to the strip in a
small test tube and vortexing for approximately 1 min. The samples
were then subjected to GC ⁄MS analysis.

GC ⁄ MS Method

All data were acquired using an Agilent 6890 gas chromatograph
with an Agilent 5975 mass spectrometer (Agilent Technologies

Inc., Wilmington, DE). A Gerstel MPS2 autosampler (Gerstel Inc.,
Linthicum, MD) was used for liquid injections. The GC was
equipped with a DB-5 column (30 m · 0.25 mm · 0.25 lm). The
carrier gas was helium with a flow rate of 1 mL ⁄ min. The method
utilized an inlet temperature of 250�C, 1 lL injection volume, and
a 20:1 split ratio. The default oven temperature program started at
40�C for 3 min, ramped to 280�C at 10�C ⁄min, and held at 280�C
for 3 min. The MS parameters included a 3 min solvent delay and
a scan range of m ⁄ z 40–300.

Data Analysis

The compounds of interest to this study are shown in Table 1,
along with abbreviations used for variable labels. The software used
was XLSTAT (AddinSoft, Paris, France), an add-in for Microsoft
Excel. Each component was identified based on the comparison of
its retention time and mass spectrum to authentic standards and the
National Institute of Standards and Technology mass spectral data-
base. Summed EIPs were generated corresponding to the character-
istic fragments of n-alkanes (m ⁄z 57, 71, 85, and 99) and
aromatics (m ⁄z 91, 105, and 119). The peak areas in each of the
EIPs were generated using the Xcaliber data analysis software
(Thermo Scientific, Waltham, MA).

To pretreat the data for statistical analysis by PCA, the peak
areas from the EIPs were normalized and then autoscaled. Normali-
zation divides the peak areas for a given sample by a constant and
thus places them on the same scale. Each peak area can be divided
by the sum of all peak areas (normalizing to unit area) or by the
square root of the sum of squares of all peak areas (normalizing to
unit length). This form of data pretreatment corrects for variation in
peak areas because of sample amount and instrument response. In
this study, the data were normalized to unit length (26–29).

The normalized peak areas were then autoscaled. Autoscaling is
a form of variable weighting that applies mean centering followed
by variance scaling. Mean centering subtracts the mean peak area
for a compound from each value in a variable. Variance scaling
divides each value in the variable by the standard deviation of that

TABLE 1––List of gasoline compounds included in principal components
analysis.

Compounds Formula Abbreviation Boiling Point, �C

Heptane C7H16 C7 98
Toluene C7H8 tol 111
Octane C8H18 C8 125–127
Ethylbenzene C8H10 eb 136
m- and p-xylene C8H10 p-xyl 138–139
o-xylene C8H10 o-& m-xyl 143–145
Nonane C9H20 C9 151
Isopropylbenzene C9H12 isoprop b 152–154
Propylbenzene C9H12 prop b 158
3- and 4-ethyltoluene C9H12 3-&4-et 158–159
1,3,5-trimethylbenzene C9H12 1,3,5-tmb 163–165
2-ethyltoluene C9H12 2-et 164–165
1,2,4-trimethylbenzene C9H12 1,2,4-tmb 168
Decane C10H22 C10 172–174
Undecane C11H24 C11 196
Dodecane C12H26 C12 216
Tridecane C13H28 C13 234
Tetradecane C14H30 C14 252–254
Pentadecane C15H32 C15 270
Hexadecane C16H34 C16 287
Heptadecane C17H36 C17 302
Octadecane C18H38 C18 317
Nonadecane C19H40 C19 330
Eicosane C20H42 C20 343
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variable (26,30). Taken together, autoscaling sets the mean of each
variable to zero and the variance of each variable to one. This tech-
nique is recommended when variables have large differences in
variance or are measured in different unit systems. In this study,
autoscaling was used to remove variability in peak areas owing to
differences in the variance of the ions that are used to construct
EIPs (26–29).

The primary objectives of PCA are to effectively reduce the
dimensionality of the data as well as to provide insight into any
underlying structure. In PCA, a new coordinate system is created;
whereby the new variable axes describe the maximum amount of
variability in the data set. These new axes are the principal compo-
nents. Principal components are uncorrelated, orthogonal to one
another, and each represents a portion of the variance, the largest
residing with the first component and descending with subsequent
components. Factor scores for each sample are tabulated that depict
the locations of the sample with respect to each of the principal
component axes. Factor loadings plots illustrate the contributions of
the original variables to each principal component. Examination of
the factor loadings plot aids in the discerning chemical trends
potentially associated with each component axis. Owing to normali-
zation and autoscaling, the sum of the squares of the loadings for a
given variable is equal to unity.

Results and Discussion

The effects of weathering on the total ion chromatogram (TIC)
and the extracted ion chromatogram (EIC) of fresh gasoline are
shown in Figs 1 and 2, respectively. In this case, the TIC is domi-
nated by the aromatic components of gasoline, whereas the EIC is
selective for the alkane fraction based upon the masses that are
being monitored. As can be seen in these figures, weathering does
not discriminate against specific classes of chemical compounds,
such as alkanes or aromatic hydrocarbons; rather it discriminates

based upon boiling point (20). Therefore, a severely weathered
gasoline sample (as shown in Figs 1d and 2d) will have little to
none of the lower boiling compounds, such as toluene and n-
octane, and an increased relative abundance of the higher boiling
compounds, such as 1,2,4-trimethylbenzene and undecane.

In contrast, the effects of microbial degradation on the TIC and
the EIC of fresh gasoline are shown in Figs 3 and 4, respectively.
In microbial degradation, the bacteria selectively utilize the hydro-
carbons based upon chemical structure. In particular, mono-substi-
tuted aromatic compounds such as toluene, ethylbenzene, and
propylbenzene are significantly reduced within 14 days, as shown
in Fig. 3a–d. The alkane profile is also significantly altered, with
drastic reductions in all n-alkanes within 7 days, as shown in
Fig. 4a–d. In fact, the degradation is so severe after 22 days that
the only readily detected peaks in the TIC are short-chain alde-
hydes (appearing at c. 2.25 min) that are naturally found in the
headspace of all soil samples.

PCA was then performed on the combined data set of both
weathered and degraded chromatograms. The scores plot, which
shows how the observations are projected into the space defined by
the first two principal components, is shown in Fig. 5. In this case,
80.31% of the variance is captured in two dimensions. As expected,
the fresh gasoline samples and the Day 0 degraded samples cluster
closely together in the upper left quadrant. This indicates that any
differences in recovery as a result of the matrix (Kimwipe vs. soil)
are relatively minor compared with the overall changes owing to
the processes of weathering or degradation. However, as the pro-
cesses of weathering and degradation continue, the observations fol-
low two completely different trajectories. While the observations
from the weathered gasoline samples are separated horizontally
along the first principal component, the observations from the
degraded gasoline samples are largely separated vertically along the
second principal component. The data labels in Fig. 5 have also
been coded according to the sign of the factor score along the third

FIG. 1—Total ion chromatogram (TIC) of gasoline after weathering (a) 0%, (b) 50%, (c) 75%, and (d) 89%. Peaks: (1) n-C7, (2) toluene, (3) n-C8, (4) eth-
ylbenzene, (5) m- and p-xylene, (6) o-xylene, (7) n-C9, (8) isopropylbenzene, (9) propylbenzene, (10) 3- and 4-ethyltoluene, (11) 1,3,5-trimethylbenzene, (12)
2-ethyltoluene, (13) 1,2,4-trimethylbenzene, and (14) n-C10.
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principal component. In this case, both the weathered and degraded
samples appear to have some curvature in this dimension (i.e.,
alternating from positive to negative and then positive scores).

Inspection of a scores plot including the third principal component
shows that these variations are neither large nor especially
informative.

FIG. 3—Total ion chromatogram (TIC) of fresh gasoline after exposure to bacteria in potting soil (a) 0 days, (b) 7 days, (c) 11 days, and (d) 22 days.
Peaks: (1) n-C7, (2) toluene, (3) n-C8, (4) ethylbenzene, (5) m- and p-xylene, (6) o-xylene, (7) n-C9, (8) isopropylbenzene, (9) propylbenzene, (10) 3- and 4-
ethyltoluene, (11) 1,3,5-trimethylbenzene, (12) 2-ethyltoluene, (13) 1,2,4-trimethylbenzene, and (14) n-C10.

FIG. 2—Extracted ion chromatogram of gasoline after weathering (a) 0%, (b) 50%, (c) 75%, and (d) 89%. Peaks: (1) n-C7, (2) n-C8, (3) n-C9, (4) n-C10,
(5) n-C11, (6) n-C12, (7) n-C13, (8) n-C14, (9) n-C15, (10) n-C16, and (11) n-C17.
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Insight into the chemical differences between the two processes
is gained by inspecting the factor loadings of the variables
(the peak areas for the alkane and aromatic compounds), as shown
in Fig. 6. In this plot, a group of compounds that have relatively

low-boiling points (i.e., <155�C) appear in the upper left quadrant.
This explains the placement of gasoline samples that are <75%
weathered in the upper left quadrant of Fig. 5, as their factor scores
have a large contribution from low-boiling n-alkanes and aromatics.
Compounds in the upper right quadrant of the factor loadings plot
have higher boiling points (i.e., >155�C). As a result, highly weath-
ered samples appear in the upper right quadrant of Fig. 5, as their

FIG. 4—Extracted ion chromatogram of fresh gasoline after exposure to bacteria in potting soil (a) 0 days, (b) 7 days, (c) 11 days, and (d) 22 days. Peaks:
(1) n-C7, (2) n-C8, (3) n-C9, (4) n-C10, (5) n-C11, (6) n-C12, (7) n-C13, (8) n-C14, and (9) n-C15.

FIG. 5—Scores plot for all chromatograms as projected into the space
defined by the first two principal components. Open circles denote observa-
tions that have positive scores along the third principal component. Filled
circles denote observations that have negative scores along the third princi-
pal component.

FIG. 6—Plot of the factor loadings for a data set that includes all
chromatograms.
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factor scores have a large contribution from high-boiling n-alkanes
and aromatics. Overall, the factor scores of samples undergoing
weathering systematically increase along the first principal compo-
nent as the samples decrease in the relative concentration of
low-boiling compounds and increase in the relative concentration
of high-boiling compounds.

In the case of degradation, compounds that undergo rapid degrada-
tion (i.e., monosubstituted alkylbenzenes and small n-alkanes) appear
in the upper left quadrant of Fig. 6. As a result, gasoline samples that
have been exposed to soil for <2 days appear in the upper left quad-
rant of Fig. 5, as their factor scores have large contributions from
these compounds. Two compounds in particular, 1,3,5-trimethylben-
zene and 2-ethyltoluene, appear in the lower right quadrant of Fig. 6.
As a result, gasoline samples that have been exposed to soil for
>2 days appear in the lower quadrants of Fig. 5, as their factor scores
have large contributions from these compounds. This agrees with the
observation that highly substituted aromatics are the most resistant to
microbial degradation (17–20). These two compounds also have rela-
tively high-boiling points (165�C) and therefore would not be readily
lost owing to weathering.

Conclusions

Weathering and microbial degradation of ILR are two separate
processes that can be readily distinguished by PCA. Inspection of
the factor loadings for the various compounds in gasoline indicate
that compounds with boiling points <155�C are the most suscepti-
ble to weathering. In contrast, long-chain alkanes and lower substi-
tuted aromatics are susceptible to microbial degradation, regardless
of boiling point. In particular, PCA revealed that 1,3,5-trimethyl-
benzene and 2-ethyltoluene were not only resistant to weathering,
but they were the least susceptible to microbial degradation.

Acknowledgments

The authors would like to thank Kathy Boone and Mark
Ahonen and the other members of the Microanalysis Unit of the
Indiana State Police Laboratory for their contributions and ideas
for this project. The authors would also like to thank Dr. Jay
Siegel of the Forensic and Investigative Sciences Program and
Chair of the Department of Chemistry and Chemical Biology at
IUPUI for his continued input on the project.

References

1. Phelps JL, Chasteen CE, Render MM. Extraction and analysis of low
molecular weight alcohols and acetone from fire debris using passive
headspace concentration. J Forensic Sci 1994;39(1):194–206.

2. Newman RT, Dietz WR, Lothridge K. The use of activated charcoal
strips for fire debris extractions by passive diffusion. Part I: the effects
of time, temperature, strip size and sample concentration. J Forensic Sci
1996;41(3):361–70.

3. Wallace JR. GC ⁄ MS data from fire debris samples: interpretation and
applications. J Forensic Sci 1999;44(5):996–1012.

4. Williams MR, Fernandes D, Bridge C, Dorrien D, Elliot S, Sigman M.
Adsorption saturation and chromatographic distortion effects on passive
headspace sampling with activated charcoal in fire deris analysis.
J Forensic Sci 2005;50(2):1–10.

5. American Society for Testing and Materials. Standard practice for
separation of ignitable liquid residues from fire debris samples by
passive headspace concentration with activated charcoal (E1412-07).
West Conshohocken, PA: American Society for Testing and Materials,
2007.

6. Keto RO. GC ⁄ MS data interpretation for petroleum distillate identifi-
cation in contaminated arson debris. J Forensic Sci 1995;40(3):412–
23.

7. Gilbert MW. The use of individual extracted ion profiles versus summed
extracted ion profiles in fire debris analysis. J Forensic Sci 1998;
43(4):871–6.

8. American Society for Testing and Materials. Test method for ignitable
liquid residues in extracts from fire debris samples by gas chromatogra-
phy-mass spectrometry (E 1618-06). West Conshohocken, PA: American
Society for Testing and Materials, 2006.

9. Stauffer E. Concept of pyrolysis for fire debris analysts. Sci Justice
2003;43(1):29–40.

10. Almirall JR, Furton KG. Characterization of background and pyrolysis
products that may interfere with the forensic analysis of fire debris.
J Anal Appl Pyrolysis 2004;71:51–67.

11. Coulombe R. Chemical markers in weathered gasoline. J Forensic Sci
1995;40(5):867–72.

12. Alexander M. Biodegradation and bioremediation, 2nd edn. San Diego,
CA: Academic Press, 1994.

13. Crawford RL, Crawford DL, editors. Bioremediation: principles and
applications. Cambridge, UK: Press Syndicate of the University of Cam-
bridge, 1996.

14. Sasek V, Glaser JA, Baveye P, editors. The utilization of bioremediation
to reduce soil contamination: problems and solutions. Dordrecht, The
Netherlands: Kluwer Academic Publishers, 2003.

15. Singh A, Ward OP, editors. Biodegradation and bioremediation. Berlin,
Germany: Springer-Verlag, 2004.

16. Heipieper HJ, editor. Bioremediation of soils contaminated with
aromatic compounds. Dordrecht, The Netherlands: Springer, 2007.

17. Mann DC, Gresham WR. Microbial degradation of gasoline in soil.
J Forensic Sci 1990;35:913–21.

18. Kirkbride KP, Yap SM, Andrews S, Pigou PE, Klass G, Dinan AC,
et al. Microbial degradation of petroleum hydrocarbons: implications for
arson residue analysis. J Forensic Sci 1992;37:1585–98.

19. Chalmers D, Yan SX, Cassista A, Hrynchuk R, Sandercock PMI. Degra-
dation of gasoline, barbecue starter fluid, and diesel fuel by microbial
action in soil. Can Soc Forens J 2001;34:49–62.

20. Turner DA, Goodpaster JV. The effects of microbial degradation on
ignitable liquids. Anal Bioanal Chem 2009;394(1):363–72.

21. Sandercock PML. Fire investigation and ignitable liquid residue analysis
—a review: 2001–2008. Forensic Sci Int 2008;176:93–110.

22. Tan BJ, Hardy JK, Snavely RE. Accelerant classification by gas chroma-
tography ⁄ mass spectrometry and multivariate pattern recognition. Anal
Chim Acta 2000;422(1):37–46.

23. Doble P, Sandercock M, DuPasquier E, Petocz P, Roux C, Dawson M.
Classification of premium and regular gasoline by gas chromatogra-
phy ⁄ mass spectrometry, principal component analysis and artificial neu-
ral networks. Forensic Sci Int 2003;132:26–39.

24. Pierce KM, Hope JL, Johnson KJ, Wright BW, Synovec RE. Classifica-
tion of gasoline data obtained by gas chromatography using a piecewise
alignment algorithm combined with feature selection and principal com-
ponent analysis. J Chromatogr A 2005;1096:101–10.

25. Marshall LJ, McIlroy JW, McGuffin VL, Smith RW. Association and
discrimination of diesel fuels using chemometric procedures. Anal Bio-
anal Chem 2009;394(8):2049–59.

26. Beebe KR, Pell RJ, Seasholtz MB. Chemometrics: a practical guide.
New York, NY: John Wiley & Sons, Inc, 1998.

27. Miller J, Miller J. Statistics and chemometrics for analytical chemistry,
5th edn. Harlow, Essex, UK: Pearson Education Limited, 2005.

28. Gemperline P. Principal components analysis. In: Gemperline P, editor.
Practical guide to chemometrics, 2nd edn. Boca Raton, FL: Taylor &
Francis Group, 2006;77–86.

29. Brereton RG. Applied chemometrics for scientists. West Sussex, UK:
John Wiley & Sons Ltd, 2007.

30. Kramer R. Chemometric techniques for quantitative analysis. New York,
NY: Marcel Dekker, Inc, 1998.

Additional information and reprint requests:
John V. Goodpaster, Ph.D.
Department of Chemistry and Chemical Biology
Forensic and Investigative Sciences Program
Indiana University Purdue University Indianapolis (IUPUI)
402 North Blackford Street, LD 326
Indianapolis, IN 46202
E-mail: jvgoodpa@iupui.edu

TURNER AND GOODPASTER • EFFECTS OF WEATHERING AND MICROBIAL DEGRADATION 69


