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Molecular marker analysis has been applied to organic matter in vehicular exhaust 
and various source materials. Vehicular exhaust can be distinguished from the natural 
background (mainly plant wax and resin residues in ambient aerosols) by the presence 
of petroleum residues in the form of characteristic homologous compounds and 
geologically mature molecular markers (steranes, triterpanes, PAH). Incomplete com- 
bustion products such as oxy-PAH compounds, ketones, aldehydes and carboxylic 
acids are also present in vehicular exhausts. These compound suites can be distin- 
guished from emissions of biomass burning, which contain specific thermally-altered 
biomarker compounds. The characteristic molecular marker signatures of vehicular 
emissions and smoke can thus be quantified and distinguished from the natural 
background of vegetative emissions to ambient aerosols. 

KEY WORDS: Petroleum residues, steranes, triterpanes, PAH, oxy-PAH, vehicular 
I exhaust, smoke. 

INTRODUCTION 

The organic species present in the reservoir of the lower troposphere 
are comprised of gases (volatiles), lipids (bitumen, solvent soluble 
organic matter) and macromolecular organic matter, derived from 
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204 B. R. T. SIMONEIT 

natural biogenic, geologic and synthetic 27,  2 8 ,  41, 51,  5 3 ,  

5 4 ,  5 8 ,  59, 63 -65  Th e higher molecular-weight, solvent-soluble com- 
pounds ( > C,,, lipids) have been characterized for urban, rural and 
oceanic aerosols, in some cases with assignment of  source^.^, 5, 1 3 ,  14, 

etroleum 
residues are a major and usually predominant component of the 
lipids extractable from aerosols in urban and in some suburban air 

Here I will describe the application of molecular marker analysis 
to vehicular exhausts for source reconciliation of petroleum residues. 
This will be compared with the same approach for smoke and 
aerosol analyses, to illustrate how these molecular signatures can be 
traced from sources to the ambient aerosol reservoir. Such data will 
hopefully serve to stimulate further research on defining and 
elucidating the spatial variations and geographic sources of organic 
aerosol burdens in urban versus rural areas. 

16, 17, 3 1 ,  40, 41, 45 ,  50, 51, 53, 54, 5 8 ,  59, 61, 6 2 ,  64, 65,  72, 73 p 

basins.62, 65 ,41 ,58 ,59  

EXPERIMENTAL METHODS 

Sampling 

Samples of vehicular exhaust and smoke from brush fires and forest 
slash burns were acquired by filtration using a standard high volume 
air sampler, fitted with quartz fiber filters (two, back-to-back, 
20 x 25 cm2 surface.65 The quartz filters were annealed for 3 hours at 
560°C prior to sampling in order to pyrolyze and thus remove any 
adsorbed organic material. The pump was placed about 1.5m away 
from the particular engine exhaust pipe and turned on for brief 
intervals (5 to 30 minutes) during idling and racing periods. An 
extract of diesel exhaust particulates from an Opel 2.3D engine 
(1974) was obtained from Dr. R. Gorse of the Ford Motor Company 
and subjected to the same analytical procedures. The hydrocarbon 
emission level for the Opel 2.3D was 1.8 g/mile (normal emissions 
range from 0.5-0.6 g/mile) (F. Ferris, private communication). Smoke 
aerosol was pumped through the high-volume filter system for 1 
hour intervals downwind from the Los Padres National Forest, 
California fire of August 1, 1977. Two such samples from the Carmel 
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MOLECULAR MARKER ANALYSIS 205 

Valley area were combined for analysis. Additional smoke samples 
from controlled slash burns in the coastal range of Oregon were 
acquired in the same manner, but for longer sampling durations 
(Standley, unpublished data). 

After a sampling was completed, the collection filter was stored in 
a precleaned 1-liter jar to which approximately 5ml of methylene 
chloride (CH,Cl,) was added. Samples were stored in this manner 
until laboratory workup was initiated. Less than about 3% of the 
material collected on the first filters appeared on the back-up filters 
and they were therefore not analyzed. 

Lipid isolation and analysis 

Filters were extracted using ultrasonic agitation with 400 ml aliquots 
of distilled-in-glass CH,Cl, directly in the storage jars for two 15- 
minute periods. The chemical procedures are summarized in the flow 
diagram (Figure 1). Solvent extracts were concentrated to volumes of 
approximately 5 ml and then filtered using a Gelman Swinney 
filtration unit fitted with pre-cleaned glass filters for the removal of 
insoluble particulates and quartz fibers. The resultant filtrates were 
transferred to 5 ml heavy-walled, conical vials, evaporated to near 
dryness using a stream of N,, reconstituted with known volumes of 
CH,Cl,, and finally, quantified using a Mettler microanalytical 

EXTRACT 
1 )  D e r i v a t i z e  ( e g . ,  CH2N2 i n  

2 )  T h i n  l a y e r  chromatography 
ET20 for  a c i d s )  

FIGURE 1 Simplified schematic for fractionations and chemical separations of 
solvent soluble organic matter from samples of aerosols, vehicular emissions, fuels, 
lubricants and natural vegetation. 
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206 B. R. T. SIMONEIT 

balance. The total lipid extracts were treated with 14% BF, in 
methanol or alternatively with CH,N, in diethyl ether to esterify the 
free acids.65 The extracts were then concentrated to -1OOpl and 
subjected to thin layer chromatography (TLC) using silica-gel plates 
(0.25mm) and eluting with a mixture of hexane and diethyl ether 
(9:l). The TLC plates had been cleaned prior to use by repetitive 
elutions with methanol and methylene chloride. After each solvent 
washing, the top centimeter of silica-gel was scraped off in order to 
remove contaminants, then prior to use the TLC plates were 
activated in an oven at 120°C for 45 minutes. 

The elution regions corresponding to hydrocarbons, esters, 
ketones, alcohols and origin were visualized by UV and iodine vapor 
in conjunction with the coelution of a TLC standard mixture (Figure 
1). These fractions were scraped off the TLC plate, eluted with 
CH,Cl, (ethyl acetate for alcohols and origin), concentrated, trans- 
ferred to 2ml vials and then quantified in some cases using a Mettler 
microanalytical balance.65 Internal standards were added to the 
fractions prior to analysis and recovery studies with model com- 
pounds have been carried Standley, unpublished data. The 
hydrocarbon, ester and some ketone fractions were subjected to gas 
chromatographic (GC) and gas chromatography-mass spectrometric 
(GC-MS) analyses to evaluate the recognizable molecular indicators 
and the contents of petroleum residues and polynuclear aromatic 
hydrocarbons (PAH). 

The GC analyses were carried out on a Hewlett-Packard Model 
5840A gas chromatograph using either a 25mx0.25mm i.d. glass 
capillary column wall-coated with OV-101 or a 25 m x 0.20 mm i.d. 
flexible fused silica capillary column coated with SP-2100 (Hewlett- 
Packard). The GC-MS analyses were conducted on a Finnigan 
Model 4021 quadrupole mass spectrometer interfaced directly with a 
Finnigan Model 9610 gas chromatograph and equipped with a 
flexible fused silica capillary column wall-coated with SE-54 or DB-5 
(30 m x 0.25 mm i.d.). The GC and GC-MS operating conditions are 
as follows: Temperature program 35-280°C at 4°C per minute, held 
isothermal at 280°C for 6&90 minutes and using helium as carrier 
gas. Mass spectrometric data were acquired and processed using a 
Finnigan-Incos Model 2300 data system. Molecular markers were 
identified by GC and GC-MS .. comparison with authentic standards 
and characterized mixtures. 
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MOLECULAR MARKER ANALYSIS 207 

Diesel fuel and lubricating oil were analyzed directly as diluted 
solutions in hexane and also as separated fractions by GC and GC- 
MS. An 800ml solvent blank was concentrated to a total volume of 
20 pl, then analyzed by GC in order to monitor the background and 
a procedural blank was also carried through the experimental 
procedure. 

RESULTS AND DISCUSSIONS 

An overview of the analytical results on lipids in vehicular exhausts, 
smoke aerosols and source materials is given in Table I. The 
extractable lipid matter of vehicular exhausts is comprised primarily 
of aliphatic and aromatic hydrocarbons and carboxylic acids, with 
minor amounts of ketones, aldehydes and various, source specific 
molecular marker (indicator) compounds. The compositions of the 
extractable lipids from smoke aerosols reflect their biogenic origin 
and are composed of aliphatic and aromatic hydrocarbons, carboxy- 
lic acids and minor amounts of ketones, aldehydes with some source 
specific molecular markers. The lipids of the source materials con- 
sist of the same compound classes with similar distributions. It 
should be emphasized that the samples described in Table I are only 
a limited representation of examples and more extensive sampling 
should greatly refine the data. 

In order to characterize vehicular emissions by molecular marker 
analysis a detailed interpretation of GC-MS data is necessary. This 
can be illustrated for example with various figures. The salient 
features of a GC-MS analysis of the total hydrocarbons from auto 
exhaust are shown in Figure 2. The total ion current trace (Figure 
2a) is approximately equivalent to the gas chromatogram and 
represents the resolvable and unresolvable (hump) compounds, 
where in many cases the major peaks are common homologous 
series. The molecular markers, including biomarkers, usually occur 
as minor components and are located in the GC-MS data by 
plotting key fragment ions over their respective GC elution range 
(i.e. mass chromatograms). A summary of characteristic key ions for 
various classes and groups of compounds is given in Table 11. Thus, 
the peaks in the mass chromatograms (e.g. m/z 191, 217, 82 in 
Figure 2c-e) represent the mass spectrum scans where the various 
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TABLE I1 
Key fragment ions for mass spectrometric characterization of compound mixtures 

encountered in aerosols and vehicular emissions. 

Compound class Compound 

Hydrocarbons n-alkanes, CnH2n+Z 
alkenes, C,H,, 
alkylcyclohexanes C,H,, 
isoprenoids (pristane, phytane) 
PAH 

extended tricyclic terpanes 
cyclic diterpenoid 
triterpanes 
triterpenes 
steranes, diasteranes 
aromatic diasteroids 

Ketones n-alkan-2-ones, C,H,,O 
alkenones, C,H,,- ,O 
acyclic isoprenoid 
steroid 
triterpenoid 
aromatic 

Acids (as methyl n-alkanoic, C,H,,O, 
esters) alkenoic, C,H,,_,O, 

a,o-alkanedioic, C,H,,_,O, 
acyclic isoprenoid 
cyclic diterpenoid 
steroid 
triterpenoid 
aromatic-benzoic (alkyl) 

-benzenedicarbox ylic 
-naphthoic (alkyl) 

Alcohols (as n-alkanols, C,H,,+,O 
trimethylsil yl alkenols, C,H,,O 
ethers) phytol 

steroid 
triterpenoid 

Miscellaneous wax esters (R-C0,-R) 
azaarenes 
aromatic sulfur heterocyclics 
contaminants-phthalates 

--silicones 

Key fragment ion (m/z) 

57, 71, 85, 99 etc. 
55 
83 
183 
search for molecular ions, 
M +  (e.g. pyrene m/z 202, 
methylpyrene m/z 216, etc.) 
191 
109, 159 
191, 177 (for degraded series) 
189, 191, 367 
217, 218, 231,259 
253 

58, 59 
96 

231, 245 
175, 191, 205 
M i  

74, 87 
55, 75, M +  
98 
74, 88, 101 
239 
217 
191, 231, 367 
105, 119, . . . 
163, 177, . . . 
155, 169, . . . 
75, MC-15 

143 
129, 215, 253, 255 
129, 191 

M +  
M +  
M +  
149 
73 

58,180 (CJ, 250 wI8) 

75, M+-15 
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FIGURE 2 
(total hydrocarbons): 

Salient features of the GC-MS data for a sample of automobile exhaust 

a) Total ion current trace (equivalent to capillary GC trace); 
b) m/z 95 mass chromatogram, indicator for naphthenes (i.e. hump); 
c) m/z 191 mass chromatogram, indicator for triterpanes and extended tricyclic 

terpanes (cf. Table 111); 
d) m/z 217 mass chromatogram, indicator for steranes (cf. Table 111); 
e )  m/z 82 mass chromatogram, indicator for alkylcyclohexanes. 

(The carbon numbers of the various compounds are indicated by the numerical 
labels.) 
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MOLECULAR MARKER ANALYSIS 21 1 
compounds elute. A comparison, where possible, of these mass 
spectra with those of authentic standards permits the assignment of 
specific structures, and in the case of unknowns, the interpretation of 
the mass spectrometric fragmentation pattern permits the assignment 
of at least the molecular weight (with empirical formula) or partial 
to full suggested structures. The relative GC retention time is also 
utilized for molecular assignment, especially for defining structural or 
stereoisomers. For example, the peak at scan number 2491 in the 
m/z 191 mass chromatogram (Figure 2c) fits both the fragmentation 
pattern and GC retention time of 17a(H)-hopane (C3,H,2). The 
doublet at scan numbers 2651 and 2673 (Figure 2c) fits the 
fragmentation pattern of 17a(H)-homohopane (C31H54) and the GC 
retention time indicates the elution order of the 22s before the 22R 
stereoisomer. A detailed listing of the characteristic triterpenoids 
from petroleum is given in Table I11 and further data is published 
elsewhere.60 

H yd r oca r bo n s 

Auto exhaust (Figure 2a) exhibits only low concentrations of n- 
alkanes (any uncombusted gasoline residues would not be sampled 
by this filtration technique), which in part reflect the distribution of 
these compounds in lubricating oil. Homologous compounds can be 
plotted as histograms or distribution diagrams versus concentration 
(cf, Figures 3 and 4). (Here the distributions are plotted by point-to- 
point connection in order to clearly emphasize the carbon number 
predominances, also termed carbon preference index, CPI. ' 2  3 2 9  For 
normal hydrocarbons and ketones or aldehydes it is expressed as a 
summation of the odd carbon number homologs over a range 
divided by a summation of the even carbon number homologs over 
the same range; for normal fatty acids and fatty alcohols it is the 
same ratio, only inverted to have even-to-odd homologs). Thus the 
n-alkanes of auto exhaust are plotted in Figure 3h, with a range 
from C,,-C,, and maximum at CZ1 (CPI=O.93). This can be 
compared with the distributions of n-alkanes in petroleum (Figure 
34 ,  diesel fuel (Figure 3e) and lubricating oil used in the test vehicle 
Figure 34. The lubricating oil is the most likely source of the 
hydrocarbons in auto e x h a ~ s t . ~ ~ ~ ~ ~  On the other hand, diesel 
exhaust does contain some uncombusted fuel components. Essenti- 
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TABLE 111 
Triterpenoidal and steroidal hydrocarbons commonly found in petroleum and some of its products. 

Compound a 

~ 

Molecular Figure citation or 
Composition weight chemical structure 

Extended tricyclic terpanes 
Triterpanes (cf. Figure 2c) 
22,29,30-trisnorneohopane 
17a(H)-22,29,30-trisnorhopane 
17a(H), 18a(H),2 lP(H)-28,30-bisnorhopane 
17a(H)-29-norhopane 
17a(H),21P(H)-hopane 
22s- 17a(H),2 lP(H)-homohopane 
22R-l7a(H),21P(H)-homohopane 
22s- 17a(H),21~(H)-bishomohopane 
22R-17a( H),21P(H)-bishomohopane 
22s- 17ct(H),21~(H)-trishomohopane 
22R-l7a(H),21~(H)-trishomohopane 
22S-l7a(H),21~(H)-tetrakishomohopane 
22R- 17a(H),21P( H)-tetrakishomohopane 
22S-l7a(H),21P(H)-pentakishomohopane 
22R- 17a(H),21P(H)-pentakishomohopane 

Steranes and diasteranes (cf. Figure 6) 
20s- 13P(H),l7a(H)-diacholestane 
20R-13p( H), 17a(H)-diacholestane 
20s- 13c((H), 17P(H)-diacholestane 
20s- 13P(H), 17a(H)-diaergostane 
20R-13a(H),17~(H)-diacholestane 
20R- 13P(H), 17a(H)-diaergostane 
20s- 13P(H), 17a(H)-diasitostane 
20S-l3a(H), 17P(H)-diaergostane 
20S-Sa(H),14a(H)-cholestane 
20R-5a(H), 14a(H), 17a(H)-cholestane 
20s-54 H), 14P(H), 17P(H)-cholestane 
20R-5ct(H), 14P(H), 17P(H)-cholestane 
20s- 13a(H), 17P(H)-diasitostane 
20s-54 H), 144 H), 174 H)-ergostane 
20R- 13a(H), 17P(H)-diasitostane 
C2, sterane 
C2, sterane 
20S-5a(H), 14P(H), 17P(H)-ergostane 
20R-Sa(H),14P(H),17P(H)-ergostane 
20R-Sa(H),14a(H),17a(H)-ergostane 
20S-Sa(H), 14a(H), 174 H)-sitostane 
20S-5a(H),14/3(H),17B(H)-sitostane 
20R-Sa(H), 14P(H),17P(H)-sitostane 
20R-5a(H),14a(H),17a(H)-sitostane 

C19H34 to C30H56 262 to 416 2~-19,20,23(III) 

370 
370 
384 
398 
412 
426 
426 
440 
440 
454 
454 
468 
468 
482 
482 

372 
372 
372 
386 
372 
386 
400 
386 
372 
372 
372 
372 
400 
386 
400 
386 
372 
386 
386 
386 
400 
400 
400 
400 

27neo(IV) 
27a(II,R=H) 

29a(II,R=C2H5) 
30a(II,R=C3H7) 
3 la(V,R=H) 
31a(V,R=H) 
32a(V,R=CH,) 
32a( V,R=CH 3 )  

33a(V,R=C,H5) 
33a(V,R=C2H5) 
34a(V,R=C3H,) 
34a(V,R=C3H7) 

(VI) 

(V,R=C,H,) 
(V,R=C4H,) 

1 (IX,R=H) 
2 (IX,R=H) 
3 (IX,R=H) 
4 (IX,R=CH,) 
5 (IX,R=H) 
6 (IX,R=CH3) 
7 (IX,R=C2H5) 
8 (IX,R=CH3) 
9 (VII,R=H) 

10 (VII,R=H) 
11 (VIII,R=H) 
12 (VIII,R=H) 
13 (IX,R=C2H5) 
14 (VII,R=CH,) 
15 (IX,R=C2H5) 
16 - 
17 - 
18 (VIII,R=CH,) 
19 (VIII.R=CH,) 
20 (VII,R=CH,) 
21 (VII,R=C2H5) 
22 (VIII,R=C,H,) 
23 (VIII,R=C2H5) 
24 (VII,R=C2H5) 

”Listed in order of GC elution. 
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FIGURE 3 Distribution diagrams (concentration versus carbon number) for n- 
alkanes (a-i) (height of dotted lines indicates isoprenoid hydrocarbon concentration, 
envelope under dashed line indicates contribution from petroleum residues), for 
alkylcyclohexanes (j-m), and for n-carboxylic acids (n-p): 

a) 
b) Los Angeles (date plotted from reference 23), dashed line-inferred 

c) 
d) Typical crude petroleum; 
e)  Diesel fuel (PEMEX); 
f') 
g, k,  0) Diesel engine exhaust (Ope1 2.3D auto); 
h, 1, p )  Automobile engine exhaust (Mercedes 280SE); 
i, m, n) Lubricating oil (Castrol); 
j )  

Aerosol, Sugarpine Point State Park, Lake Tahoe, CA, winter; 

petroleum components; 
Aerosol, Sugarpine Point State Park, Lake Tahoe, CA, summer, daytime; 

Diesel engine exhaust (International CO 1600 truck); 

Aerosol, Sierra Ski Ranch, Lake Tahoe area. 
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214 B. R. T. SIMONEIT 

ally all the n-alkanes present (Figures 3 f  and g)58359 are derived 
from the fuel and the second higher weight naphthenic hump, with 
the associated triterpenoidal molecular markers, originates from 
engine lubricants. 

For comparison purposes the data for some examples of aerosols 
contaminated by petroleum residues are also shown (Figure 3a-c). 
Both the n-alkane distributions and the hump observed for the 
aerosols correlate with vehicular emissions.54, '9 5 9  Th us, the Lake 
Tahoe air basin is contaminated to varying degrees by petroleum 
components (greatest in winter and least during summer nights, 
Figure 34c) and this contamination is even greater in the Los 
Angeles air basin (Figure 3b).23 The natural plant wax component is 
superimposed on and greatly diluted by the petroleum-derived n- 
alkanes (cf. Figure 3c).54358,59765 

Some examples of normal alkane, alkanoic acid and alkanol 
distributions from typical uncontaminated rural aerosols and from 
plant waxes are shown in Figure 4a-h.6,64,65 All these distributions 
exhibit very strong carbon number predominances, i.e. the CPI 
values are high (cf. Table I). Thermal stress on these compound 
classes results in: (1) loss or reduction of carbon number pre- 
dominance (CPI decrease); (2) decarboxylation or partial oxidation; 
(3) dehydration or partial oxidation of especially alcohols; and (4) in 
the presence of excess oxygen and high temperature (>450"C) 
complete combustion to CO, and H,O. Thermal stress due to 
incomplete combustion is observable in smoke aerosols as described 
for the following examples. The first is from a brush fire (chaparral, 
Los Padres National Forest, CA), which is a relatively low temper- 
ature process as indicated by the unaltered n-alkane signature 
(Figure 4i) in the smoke, comparable to typical plant wax (e.g. 
Figure 4 4 .  This is a case of essentially direct volatilization into the 
smoke aerosol of the wax alkanes at the advancing fire front5' The 
second case is from hotter fires, as for example conifer slash burning 
(Figure 4m-p), where the products from incomplete combustion are 
altered and do not necessarily reflect the original plant wax distri- 
bution (cf. Figure 4d,f). This thermal alteration also appears to be 
time and temperature dependent. Freshly emitted smoke still has 
some carbon number predominance (CPI = 2), but overnight 
equilibration results in essentially complete loss of this predominance 
(CPI=l) (cf. Figure 4m versus n). Thus smoke aerosols are a 
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FIGURE 4 Distribution diagrams (concentration versus carbon number) for n- 
alkanes (a ,  d, 1; h, i, m-o), for n-carboxylic acids (h, e, g, j ,  p )  (height of dashed lines 
indicates unsaturated acids), for n-alkan-2-ones (height of dotted lines indicates iso- 
prenoidal ketones) ( k  and l ) ,  and for n-alkanols (c): 

a, b, c) Harmattan aerosol, Jos, Nigeria, upwind (sample 17, Ref. 9); 
d, e) Composited vegetation wax, Nigeria (Ref. 41); 

J;  g) Composited vegetation wax, Carlsbad, NM (Ref. 41); 
h) Aerosol, Corvallis, OR (Ref. 65); 
i, j .  k )  Brush fire, Los Padres National Forest, CA; 
1 )  Diesel engine exhaust (Ope1 2.3D auto); 
m) Conifer slash burn, OR (fresh smoke); 
n) Conifer slash burn, OR (overnight smoke); 
0, p )  Conifer slash burn, OR (fresh smoke). 
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216 B. R. T. SIMONEIT 

significant injection mechanism for organic compounds to the tropo- 
sphere and varying levels of the biogenic homolog distributions may 
be preserved depending on the combustion temperature and resi- 
dence time. Further analyses of ambient smoke aerosols are necessary 
to provide more detailed characterizations of compound signatures. 

Unresolvable complex mixture (hump) 

The major hydrocarbon components of both auto and diesel ex- 
hausts are an unresolvable mixture by gas chromatography. This 
envelope of unresolved complex hydrocarbons (branched and 
cyclic-the hump) (e.g. m/z 95, an ion typical in mass spectra of 
naphthenic hydrocarbon mixtures, in Figure 2b) when present in the 
GC traces can be expressed as a ratio of unresolved branched and 
cyclic hydrocarbons (hump) to the resolved n-alkanes (i.e. U: R).41 
This can then be used as an approximate measure of the level of 
contamination by petroleum residues.58, 5 9 3 6 2  Values of 1-30 have 
been observed for aerosols contaminated with petroleum residues, 
whereas natural hydrocarbons derived from higher vascular plants 
exhibit no hump,64365 and this ratio is <1.0 for aerosols over 
remote or oceanic areas.51 The hump: n-alkane ratios (U:R)41 are 
determined from GC by the area of unresolved material above 
background (measured by planimetry or integration) divided by the 
sum of the GC area of resolved n-alkanes and other major 
components. 

Most petroleums contain branched and cyclic (naphthenic) hydro- 
carbons ranging from C12 to about C,, ,  with various retention time 
maxima (usually at C,, and C,6).26,70 The relining process to fuels 
and lubricants consists of distillation, cracking and reforming of the 
feed stock, yielding the products as compound mixtures with discrete 
boiling ranges. Thus gasoline does not contain the heavy ends of 
petroleum and diesel fuel has a cut-off at about C,,, which also 
excludes the steroidal and triterpenoidal markers. Lubricating oil 
derived from petroleum consists primarily of naphthenes (hump), 
with a minor n-alkane content (< C,,, cf. Figure 3i) and traces of the 
heavy molecular markers (steranes and triterpanes). Typical boiling 
ranges have maxima at about carbon number 30, but this varies over 
a range according to the viscosity of the oil. Various synthetic and 
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MOLECULAR MARKER ANALYSIS 217 

natural additives are present in lubricating fluids to enhance physical 
properties (e.g. trace amounts of n-fatty acids, cf. Figure 312, to 
increase detergent action). Naphthenic hydrocarbons (hump) are, 
however, not present in vascular plant waxes. 

Molecular markers 

Molecular markers are indicator compounds that can be utilized in 
reconciliations of genetic sources of organic matter.52’ 5 5  - 5 9  Such 
molecules have specific chemical structures which can be related 
either directly or indirectly via a set of diagenetic changes to their 
unique source. These sources may be biogenic, geogenic or anthro- 
pogenic (i.e. ~ynthetic).~’ The molecular markers of utility for 
fingerprinting petroleum residues are detailed below and summarized 
in Tables I1 and 111. These hydrocarbon marker compounds are not 
present in most biogenic detritus (e.g. plant wax), but these skeletal 
structures do occur there as functionalized molecules (e.g. 
phyto~terols).~~ 

Pristane (2,6,10,14-tetramethylpentadecane, Pr) and phytane 
(2,6,10,14-tetramethylhexadecane, Ph) are diagenetic products of 
phytol and are not primary constituents of most terrestrial biota.”, 3 7  

The presence of these isoprenoidal markers in hydrocarbon fractions 
(cf. Figure 3), coupled with the naphthene hydrocarbons (hump), 
confirms an origin from petroleum, since they are not separated by 
refining processes. Pristane and phytane are present in ambient 
aerosols, exhaust from auto and diesel engines, in diesel fuel and in 
lubricating oil. 

A homologous series of alkylcyclohexanes (Structure I, all chemi- 
cal structures cited are given in the Appendix), CnHZn, ranging from 
n=16-29, with no carbon number preference and usually a max- 
imum at CZ3 has been found in aerosols from contaminated areas 
(e.g. Lake Tahoe basin, Figure 3j).58,59 These compounds are not 
present in lipids of recent biogenic origin but are common in 
petroleum and its distillation products (e.g. diesel fuel and lubricat- 
ing oil, cf. Figure 3m). Alkylcyclohexanes are major resolved 
components of auto exhaust (e.g. Figure 3 4  however, they are only 
trace constituents in diesel exhausts (e.g. Figure 3k). 

The triterpenoid hydrocarbons characteristic of petroleum are the 
geologically mature (usually millions of years) and stable isomers of 
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the 17a(H)-hopane series (Structure II), originally derived from 
biogenic precursors with the 17P(H) configuration via various 
diagenetic and catagenetic pathways.10,15,38.47-49,55-58,60,62 Th e 
identifications of these compounds are based primarily on their mass 
spectra and gas chromatographic retention times6' Their occurrence 
is usually at low concentrations, but their overall distribution 
signatures within samples can be easily determined by GC-MS and 
utilized for comparison purposes. This is based on the m/z 191 ion 
intensity in the GC-MS data, which is the base peak of most of the 
triterpanes and also the extended tricyclic terpanes (Structure 111). 

An example of the m/z 191 data is found in Figure 2c for auto 
exhaust. The predominant analog is 17a(H)-hopane (Structure 11, 
R = i-C3H7), with subordinate amounts of 17a(H)-22,29,30- 
trisnorhopane (Structure 11, R = H), trisnorneohopane (Structure IV), 
17a(H)-29-norhopane (Structure 11, R = C,H5), and extended homo- 
logs of the 17a(H)-hopane series (Structure 11, R =  C,H,-C,H,,). 
The extended 17a(H)-hopane homologs from C,, to C,, (homo- 
series) are found as the C-22 diastereomers (Structure V) with a 22s 
to 22R ratio of 1.0 to 1.3, which also indicates geological 
m a t ~ r i t y . ~ ~ . ~ ~ , ~ ~ , ~ ~ - ~ ~ , ~ ~  The distribution patterns of the m/z 191 
GC-MS data can be represented as bar graphs to facilitate pattern 
comparisons (Figure 5). The distributions of the 17a(H)-hopanes are 
essentially identical for auto exhaust (Figure 5a) and for diesel 
exhausts (Figure 5b and c), confirming these emissions as the major 
source of petroleum residues in aerosols. Gasoline and diesel fuel do 
not contain these triterpanes, but the same distribution is found in 
lubricating oil (cf. Figure 5 4 .  This indicates that primarily lubricants 
adsorbed on particulates or as vapor microdroplets impart the 
molecular indicator signature of petroleum residues to vehicular 
emissions.58, 5 9  

These triterpane patterns can be compared with those of various 
examples of aerosols from the Lake Tahoe and Los Angeles air 
basins (Figure 5e-g), which contain an additional compound not 
found in the other areas studied, namely 17a(H),18a(H),21P(H)-28,30- 
bisnorhopane (Structure VI).66 This compound is found in many 
California crude oils and has been characterized in shales and 
natural seeps from the same area.47,62 Such additional markers 
within a compound class may prove useful as tags for specific 
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FIGURE 5 Relative distribution histograms for triterpanes and extended tricyclic 
terpanes (based on the m/z 191 mass chromatograms or gas chromatographic 
response) of some aerosol and source examples (- extended tricyclic terpanes, I11 
and 17a(~)4-,opane series, 11; ...... pairs of C-22S and R diastereomers; - - ~  

trisnorneohopane, IV-C,,H,, and 17a(H),18a(H),21/3(H)-28,30-bisnorhopane, VI- 
C28H4d 

a) Automobile engine exhaust (Mercedes 280SE); 
b) Diesel engine exhaust (Ope1 2.3D auto); 
c) Diesel engine exhaust (International CO 1600 truck); 
d )  Lubricating oil (Castrol); 
e) Aerosol, Sugarpine Point State Park, Lake Tahoe area, winter; 
f )  Aerosol, Canoga Park, Los Angeles area; 
g) Aerosol, Pasadena, Los Angeles area; 
h) Aerosol, D and D Ranch, Mt. Lassen area, winter; 
i) Aerosol, urban Ibadan, Nigeria. 
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220 B. R. T. SIMONEIT 

aerosol parcels in tracing their transit. The triterpanes and extended 
tricyclic terpanes in aerosols from the Los Angeles area match each 
other closely (cf. Figure 5f versus g), but differ from those in samples 
of the Mt. Lassen area (Figure 5h) primarily by the absence of the 
28,30-bisnorhopane. The varying differences of the total amounts of 
extended tricyclic terpanes to triterpanes may be due to the effect of 
ambient temperature on the collection efficiency of the more volatile 
compounds. Contaminated aerosols of Nigeria have a different 
triterpenoid distribution (Figure 54, where 17a(H)-29-norhopane 
(Structure 11, R =C,H,) predominates over 17a(H)-hopane and the 
C,, analog is not detectable. It should be pointed out that triter- 
penoidal hydrocarbons (e.g., diploptene, 17P(H)-hopanes) from pri- 
mary biogenic sources (e.g. microbes) have not been detected in 
vehicular exhaust and aerosol samples. 

The extended tricyclic terpanes (Structure 111) are found in vehi- 
cular emissions, diesel fuel, and lubricating oil and can be present in 
aerosols (Figure 5). They are associated with the 17a(H)-hopanes 
and are also derived from petroleum. They have a slightly lower 
boiling range and are therefore prevalent in samples that retain 
significant amounts of material < CZ5. 

Steranes (Structures VII and VIII) and diasteranes (Structure IX) 
are additional molecular markers commonly found in petroleum that 
can be used for source correlations and apportionment. These 
hydrocarbons are not present in contemporary biogenic materials. 
The diagenesis of steroids occurs via many routes and results in 
numerous products and  isomer^.^' However, the distribution sig- 
nature in GC-MS data of for example the m/z 217 (Figures 2d and 
6a) and m/z 218 (Figure 6b) ion peaks for steranes or m/z 259 for 
diasteranes and m/z 253 for monoaromatic diasteroid hydrocarbons 
are useful supporting evidence for a petroleum ~ o m p o n e n t . ~ ~ , ~ '  The 
chemical structures of the steranes and diasteranes present in pet- 
roleum are listed in Table I11 according to their elution order in a 
typical GC-MS analysis (Figure 6). These compounds are found in 
lubricants of vehicular engines but not in gasoline or diesel fuel. 
They are therefore introduced into the atmosphere from vehicular 
emissions. 

Polynuclear aromatic hydrocarbons (PAH) 
Polynuclear or polycyclic aromatic hydrocarbons (PAH) are ubi- 
quitous in the environment. and in vehicular emissions. They have 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
0
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR MARKER ANALYSIS 

I A’O 

22 1 

1368. 

I , I I 

11 
m. 

miz 
218 

I I I I zow 21co 2280 2 2 2  2403 
SCUI- 

FIGURE 6 
(numbers refer to compounds in Table 111): 

Mass chromatograms for steranes and diasteranes typical of petroleum 

a) m/z217; 
b) m/z 218. 

been extensively analyzed in environmental sinks and their sources 
were found to be primarily from combustion processes.l83 1 9 3 2 4 3 2 5 9 3 3 9 6 8 ,  

presence of PAH mixtures in combustion emissions and 
smokes from vegetative and fossil fuel materials has been amply 

PAH are present in aerosol samples and concentration ranges 
observed for the major compounds have been summarized.43, 5 8  The 
PAH distributions in aerosol samples from the Lake Tahoe air basin 
and the Mt. Lassen area, both during the winter, are very similar, 
and their concentrations are higher in these areas than in the 
samples from the Los Angeles air basin. The highest levels of PAH 
were observed from aerosols from urban areas of Nigeria (e.g. 

74-76 The 

demonstrated.6.20,22.29.30,34~36,43,69,71 
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Ibadan and Jos). Combustion of wood and fossil fuel was evident in 
all the areas with elevated PAH concentrations. The PAH mixtures 
are composed of primarily the unsubstituted ring systems, ranging 
from phenanthrene to dibenzanthracene, and the dominant analogs 
are fluoranthene, pyrene, benzanthracene and benz~fluoranthene.~' 
The presence of five-membered alicyclic ring compounds (e.g. 
fluorene, fluoranthene) with the pericondensed PAH is a char- 
acteristic for a high temperature origin of these  hydrocarbon^.^, 3,46 

The distributions are comparable with similar data for ambient 
forest and brush fire smoke aerosols, indicating a possible origin 
from wood smoke, which is further supported by the presence of 
retene in the aerosols from the western United States.65 Retene has 
been shown to be an enhanced product from wood combustion 
(especially coniferous ~ e g e t a t i o n ) . ~ ~  

The PAH content of vehicular emissions is significant, especially 
for diesel  engine^.^,^^'^^^'^ H owever, the distributions of the PAH 
and their alkyl-substituted homologs reflect an origin from pet- 
roleum. Pericondensed PAH by far exceed the concentrations of the 
five-membered alicyclic ring compounds and the alkyl-substituted 
PAH homologs are present in highest amounts. This is illustrated 
with the GC-MS data of auto exhaust for the phenanthrene series 
(Figure 7), where only phenanthrene is present (no anthracene) in the 
m/z 178 plot and the various homolog isomers with additional one- 
to-three carbon substituents occur at greater relative concentrations 
in the other mass chromatograms. The presence of anthracene has 
been domonstrated as about 20-25% of phenanthrene in auto 
exhaust.21 It should be pointed out that hi-vol filtration of uncooled 
vehicular exhausts collects only the phenanthrene series adsorbed on 
particulates with potentially a considerable blow-off effect. Thus the 
filtrate may represent a somewhat biased PAH-distribution, with less 
phenanthrene/anthracene than present in the exhausts. Nevertheless, 
the general trend of homologous substitution can be represented 
versus concentration as in Figure 8. Both auto and diesel exhaust 
exhibit a similar pattern of low amounts of phenanthrene and 
maximum C,- or C,-phenanthrenes, whereas petroleum has an 
essentially linear concentration increase to higher homologs (Figure 
8). Therefore, the distributions of phenanthrenes in vehicular ex- 
hausts reflect partial reforming of petroleum compounds at relatively 
lower temperatures. On the other hand, this distribution for smoke 
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191232. 

FIGURE 7 
engine exhaust: 

Salient features of the GC-MS data for alkylphenanthrenes in diesel 

a) mjz 178, unsubstituted; 
b) m/z 192, C,-substitution; 
c) m/z 206, C,-substitution; 
d) m/z 220, C,-substitution. 

0 1 2 3 4 5  
R d  

FIGURE 8 Alkyl homolog distribution plot for the phenanthrene-type series 
(C,aH2n- ,,J in typical crude petroleum (---), diesel engine exhaust (-), and wood 
smoke (.....) . The relative abundance of the major homolog in each sample was 
normalized to 100. 
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aerosols (e.g. Figure 8) drops exponentially from phenanthrene to 
the C, homolog and in some cases there is a slight maximum at the 
C4 homolog due to the presence of retene.37 PAH are not detectable 
in primary detritus from vegetation (e.g. plant wax). 

Oxygenated compounds 

Both auto and diesel exhaust contain n-carboxylic acids, ranging 
from less than C,, to CZ4, with maxima at c16 and C,, and CPI 
values of 1.4 to 4 (Table I). Examples of carboxylic acid distributions 
are shown in Figure 30 and p and also in the GC-MS data of 
Figure 9b. The acid distribution for auto exhaust does not match the 
carboxylic acid additive distribution of the lubricating oil (Figure 3n 
versus p ) ,  indicating further formation during combustion. This is 
also the case for the acids in diesel exhaust. The relatively strong 
carbon number predominance in the case of these combustive 
emissions should be noted and it may reflect preferential carbon- 
carbon bond cleavage biased to 13C-12C> 1zC-12C from the 
original biosynthetic imprint. Further samples need to be analyzed 
to evaluate the CPI ranges and distribution patterns, so that a 
correction can be applied to the naturally-derived n-carboxylic acids 
(e.g. from plant wax, Figure 4b, e and g).64265 a,w-Dicarboxylic acids 
are not detectable as significant components in auto exhaust and 
they occur as trace components in diesel exhaust. Unsaturated fatty 
acids (e.g. 18: 1) are not detectable in vehicular exhaust. 

Ketones and to a lesser extent aldehydes are the other oxygenated 
homologous series present as major components in vehicular 
exhaust. Diesel emissions contain higher concentrations than auto- 
mobile and these compounds reflect partial combustion residues 
from the fuel hydrocarbons, since they are not detectable in lubri- 
cants. Both n-alkan-2-ones (e.g. Figure 41 and GC-MS data in 
Figure 9c) and n-alkan-1-ones (aldehydes) range from <Clo to CZ4, 
with maxima at C,, or C,, and essentially no carbon number 
predominance. The presence of isoprenoidal ketones, namely 
6,10,14-trimethylpentadecan-2-one (X) and lesser amounts of 6,lO- 
dimethylundecan-2-one, further supports the partial combustion of 
hydrocarbon biomarkers, in this case pristane and phytane. 

Normal carboxylic acids, ketones and aldehydes are also major 
components of various smoke aerosols (e.g. Figure 4j, k and p )  and 
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bl 

FIGURE 9 Salient features of the GC-MS data for the total carboxylic acid (as 
methyl esters) and ketone fraction from diesel engine exhaust (Ope1 2.3D auto) (the 
homologous carbon chain lengths are indicated by the numerals): 

a) Total ion current trace (peak labeled X is a dioctyl phthalate plasticizer 

b) m/z 74 mass chromatogram, indicator for n-carboxylic acids (as methyl esters); 
c) m/z 58 mass chromatogram indicator for n-alkan-Zones, isoprenoidal ketones 

(13i and 18i) and alkan-1-ones (i.e. aldehydes, lesser peaks adjacent to the alkan- 
2-ones); 

d) m/z 155 mass chromatogram, indicator for naphthoic acids (XI); 
e) m/z 163 mass chromatogram, indicator for benzenedioic acids (XII); 
f )  m/z 169 mass chromatogram, indicator for methylnaphthoic acids (XI). 

contaminant); 

E A C . -  C 
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reflect the admixture of major partial thermal combustion products 
with minor volatilized primary wax components. Low temperature 
smoke (brush fire) exhibits the full range (Clo-C,,) of homologs, 
whereas higher temperature smoke exhibits homologs skewed to the 
lower molecular weight range (Figure 4 j  versus p ) .  Unsaturated 
carboxylic acids from primary biological detritus (e.g. lipids, wax, 
etc.) are not detectable in smoke aerosols and a,@-dicarboxylic acids 
are present in minor amounts ranging from >C, to CI2. The source 
of the unsaturated carboxylic acids in aerosols65 appears to be direct 
injection from biogenic detritus. The a,o-dicarboxylic acids identified 
in aerosols,65 seem to be derived from combustive processes using 
either fossil or biomass fuels. 

Molecular markers 

Only isoprenoidal ketones are detectable in vehicular exhausts as 
oxygenated molecular markers derived from the petroleum bio- 
markers discussed in the hydrocarbon section. All other molecular 
markers from vehicular exhaust are extensively degraded or reformed 
compounds, where a precursor is not easily assigned. Nevertheless, 
some of these compounds appear to be unique and characteristic for 
vehicular emissions. Major aromatic acid series and lesser amounts 
of aromatic ketones, aldehydes and quinones are present in diesel 
exhaust. The following homologous series are found in order of 
decreasing concentration: (1) alkylbenzoic acids, C,H,, - for 
n = 7-9; (2) alkylnaphthoic acids, XI, C,H,,- 1402 for n = 11-13 (cf. 
Figure 9d and f); (3) alkylbenzenedioic acids, XII, CnHZn-1004 for 
n= 8-10 (cf. Figure 9e); (4) alkylphenanthroic acids, XIII, 
CnH2n-2002 for n= 15-17; and (5) various minor aromatic ketones, 
aldehydes and quinones (major component-fluorenone). The same 
aromatic ketones, aldehydes and quinones have been identified by 
other workers in diesel exhaust.1,7’77 

Automobile exhaust contains primarily alkylbenzoic acids, 
C,H,, - for n = 7-9, alkylbenzenedioic acids, C,H,, - for 
n = 8-10, fluorenone, anthraquinone and minor amounts of naph- 
thoic acids and other carbonyl compounds. Smoke from both brush 
and slash fires does not contain dominant aromatic acids, ketones, 
aldehydes or quinones. Aromatized products from resin acids are, 
however, present in varying amounts. Two marker compounds, 
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namely dehydroabietic acid (XIV) and 6,8,11,13-abietatetraen-l8-0ic 
acid (XV) have been identified based on their mass spectra and GC 
retention index.65 

Aromatic acids and to a lesser degree aromatic carbonyl com- 
pounds (oxy-PAH) are characteristic molecular markers for diesel 
exhaust and to a lesser extent for automobile exhaust (Table IV). 
The aromatized resin acids (e.g. dehydroabietic acid, XIV) are good 
molecular markers for combustion emissions using coniferous wood 
as fuel. All these markers are primary emissions and their stability to 
secondary reactions and photochemistry needs to be evaluated 
before they can be utilized as long range tracers. 

CONCLUSIONS 

The application of the same sample collection, solvent extraction, 
chemical derivatization and separation, and instrumental analysis 
procedures to vehicular emissions, biomass burning and ambient 
aerosols, allows definitive source reconciliations to be made. 
Molecular marker analysis provides the supportive evidence for such 
assessments. 

Vehicular exhaust can be distinguished from the natural back- 
ground (plant wax and resin residues) by presence of petroleum residues 
(both homologous compounds and geologically mature molecular 
markers). Hydrocarbon emissions from both diesel and gasoline 
engines are characterized by a naphthenic hump, some n-alkanes 
with no carbon number predominance and molecular markers 
characteristic of petroleum (e.g. steranes and triterpanes), with sig- 
nificant amounts of the ubiquitous thermogenic PAH. The sterane 
and 17a(H)-hopane distribution signatures are specific for petroleum 
residues. Secondary molecular markers are found in the oxygenated 
compound fractions of vehicular exhaust. Oxy-PAH compounds (e.g. 
alkylbenzenepolycarboxylic acids, alkylnaphthoic acids, aromatic 
carbonyl and quinone compounds), isoprenoidal ketones, n-alkan-2- 
ones, n-aldehydes and n-carboxylic acids have been characterized 
and they are incomplete combustion products derived primarily from 
engine fuels and lubricants. Auto exhaust contains lesser amounts of 
the high weight oxy-PAH than diesel exhaust and in general the 
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carbonyl compounds are less concentrated in engine emissions than 
the carboxylic acids. 

In contrast, emissions from biomass burning (e.g. slash burns, fire 
places, wood stoves) contain thermally-altered biomarker com- 
pounds. The hydrocarbon fraction of smoke from resin-rich veg- 
etation contains retene as well as the other thermogenic PAH and 
dehydroabietic and abietatetraenoic acids are major components of 
the oxygenated compound fractions. The molecular marker com- 
pounds identified in vehicular emissions are not found in smoke. 
Partial combustion products of plant wax are also identifiable as 
ketones > carboxylic acids. 

Thus, vehicular emissions and smoke have characteristic molecular 
marker signatures. With this information the anthropogenic com- 
ponents of aerosols (i.e. petroleum residues and pyrogenic PAH) can 
be quantified and distinguished from the natural background of 
higher plant waxes and resins. Vehicular emissions are a major part 
of aerosols from urbanized areas and their molecular signatures may 
be useful and complementary (to the natural background signature 
and smoke emissions) tracers for air parcels from specific geographic 
areas. 

Acknowledgements 

I thank Dr. Monica A. Mazurek and Ms. Laurel J. Standley for technical assistance, 
Mr. and Mrs. Delmar Huber, D and D Truck Sales for providing a diesel truck to be 
sampled, and Dr. R. Gorse, Ford Motor Company for a sample of total particulate 
extract from diesel exhaust. Financial support from the Atmospheric Research Section, 
National Science Foundation (Grants ATM 81-16622 and ATM 81-18101) is grate- 
fully acknowledged. 

References 

1. T. D. Behymer and R. A. Hites, Enuiron. Sci. Technol. 18, 203 (1984). 
2. M. Blumer, Chemical Geology. 16, 245 (1975). 
3. M. Blumer, Scient. Amer. 234, no. 3, 34 (1976). 
4. G. Broddin, W. Cautreels and D. van Cauwenberghe, Atmos. Enuiron. 14, 895 

5. W. Cautreels and K. van Cauwenberghe, Atmos. Enuiron. 12, 1133 (1978). 
6. S. G. Chang and T. Novakov, Atmos. Enuiron. 9, 495 (1975). 

(1980). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
0
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



230 B. R. T. SIMONEIT 

7. D. R. Choudhury, Environ. Sci. Technol. 16, 102 (1982). 
8. J. E. Cooper and E. E. Bray, Geochim. Cosmochim. Acta 29, 1113 (1963). 
9. R. E. Cox, M. A. Mazurek and B. R. T. Simoneit, Nature 296, 848 (1982). 

10. M. Dastillung and P. Albrecht, Mar. Poll. Bull. 7, 13 (1976). 
11. B. M. Didyk, B. R. T. Simoneit, S. C. Brassell and G. Eglinton, Nature 272, 216 

12. R. A. Duce, Pure Appl. Geophys. 116, 244 (1978). 
13. R. Eichmann, P. Neuling, G. Ketseridis, J.  Hahn, R. Jaenicke and C. Junge, 

Atmos. Environ. 13, 587 (1979). 
14. R. Eichmann, G. Ketseridis, G. Schebeske, R. Jaenicke, J. Hahn, P. Warneck and 

C. Junge, Atmos. Environ. 14, 685 (1980). 
15. A. Ensminger, A. van Dorsselaer, C. Spyckerelle, P. Albrecht and G. Ourisson. In: 

Advances in Organic Geochemistry 1973 (B. Tissot and F. Bienner, eds.) (Editions 
Technip, Paris, 1974), pp. 245-260. 

(1978). 

16. R. B. Gagosian, E. T. Peltzer and 0 .  C. Zafiriou, Nature 291, 321 (1981). 
17. R. B. Gagosian, 0 .  C. Zafiriou, E. T. Peltzer and J. B. Alford, J .  Geophys. Res. 

18. W. Giger and M. Blumer, Anal. Chem. 46, 1663 (1974). 
19. W. Giger and C. Schaffner, Anal. Chem. 50, 243 (1978). 
20. T. E. Graedel, Chemical Compounds in the Atmosphere (Academic Press, New 

York, 1978), pp. 440. 
21. G. Grimmer, H. Bohnke and A. Glaser, Zbl. Bakt. Hyg., I .  Abt. Orig. B164, 218 

(1977). 
22. G. Grimmer and F. Pott. In: Environmental Carcinogens: Polycyclic Aromatic 

Hydrocarbons (G. Grimmer, ed.) (CRC Press, Inc., Boca Raton, FL, 1983), pp. 

116, 11133 (1982). 

61-128. 
23. T. R. Hauser and J. N. Pattison, Environ. Sci. Tech. 6, 549 (1972). 
24. R. A. Hites and K. Biemann, Adv. Chem. Ser. 147, Amer. Chem. SOC., pp. 188-201 

25. R. A. Hites, R. E. LaFlamme and J. W. Farrington, Science 198, 829 (1977). 
26. J. M. Hunt, Petroleum Geochemistry and Geology (W. H. Freeman and Company, 

San Francisco, 1979), pp. 617. 
21. R. Jaenicke. In: Aerosols: Anthropogenic and Natural, Sources and Transport (T. J. 

Kneip and R. J. Lioy, eds.) (New York Academy of Sciences, New York, 1980), 

28. C. E. Junge. In: Fate of Pollutants in the Air and Water Environments, Vol. 8, Part 

29. G. A. Junk and C. S. Ford, Chemosphere 9, 187 (1980). 
30. M. Katz and R. C. Pierce. In: Carcinogenesis-A Comprehensive Study, Vol. 1, 

Polynuclear aromatic hydrocarbons (R. Freudenthal and P. W. Jones, eds.) 
(Raven Press, New York, 1976), pp. 413429. 

(1975). 

Vol. 338, pp. 317-329. 

1, pp. 7-26 (1977). 

31. G. Ketseridis, J. Hahn, R. Jaenicke and C. Junge, Atmos. Environ. 10, 603 (1976). 
32. K. A. Kvenvolden, Nature 209, 573 (1966). 
33. R. E. LaFlamme and R. A. Hites, Geochim. Cosmochim. Acta 42, 289 (1978). 
34. R. C. Lao, R. S. Thomas, H. Oja and L. Dubois, Anal. Chem. 45, 908 (1973). 
35. M. L. Lee, M. Novotny and K. D. Bartle, Anal. Chem. 48, 1566 (1976). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
0
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR MARKER ANALYSIS 23 1 

36. M. L. Lee, M. V. Novotny and K. D. Bartle, Analytical Chemistry of Polycyclic 

37. M. L. Lee, G. P. Prado, J. B. Howard and R. A. Hites, Biomed. Mass Spectr. 4, 

38. A. S. Mackenzie, R. L. Patience, J. R. Maxwell, M. Vandenbroucke and B. 

39. A. S. Mackenzie, S. C. Brassell, G. Eglinton and J. R. Maxwell, Science 217, 491 

40. G. Matsumoto and T. Hanya, Atmos. Enuiron. 14, 1409 (1980). 
41. M. A. Mazurek and B. R. T. Simoneit. In: Identification and Analysis of Organic 

Pollutants in Air, ACS Symp. (L. H. Keith, ed.) (Ann Arbor Science/Butterworth 
Publishers, Woburn, MA, 1984), pp. 353-370. 

42. M. A. Mazurek, B. R. T. Simoneit, G. R. Cass and H. A. Gray, Anal. Chem (1985), 
submitted for publication. 

43. K. Nikolaou, P. Masclet and G. Mouvier, The Science of the Total Enuiron. 32, 

44. T. Ramdahl, Nature 306, 580 (1983). 
45. J. K. Schneider, R. B. Gagosian, J. K. Cochran and T. W. Trull, Nature 304, 429 

46. L. T. Scott, Acc. Chem. Res. 15, 52 (1982). 
47. W. K. Seifert and J. M. Moldowan, Geochim. Cosmochim. Acta 42, 77 (1978). 
48. W. K. Seifert and J. M. Moldowan, Geochim. Cosmochim. Acta 43, 111 (1979). 
49. W. K. Seifert and J. M. Moldowan. In: Advances in Organic Geochemistry I979 (A. 

G. Douglas and J. R. Maxwell, eds.) (Pergamon Press, Oxford, 1980), pp. 229-237. 
50. B. R. T. Simoneit, Sources of Organic Matter in Oceanic Sediments, Ph.D. Thesis, 

University of Bristol, England (1975), pp. 300. 
51. B. R. T. Simoneit, Proceedings of Symposium on Concepts in Marine Organic 

Chemistry, Mar. Chem. 5, 443 (1977). 
52. B. R. T. Simoneit. In: Chemical Oceanography, 2nd edition (J. P. Riley and R. 

Chester, eds.) (Academic Press, New York, 1978), Vol. 7, Chap. 39, pp. 233-311. 
53. B. R. T. Simoneit. In: Proceedings Carbonaceous Particles in the Atmosphere (T. 

Novakov, ed.) (NSF-LBL, 1979), pp. 233-244. 
54. B. R. T. Simoneit. In: Advances in Organic Geochemistry 1979 (A. G. Douglas and 

J. R. Maxwell, eds.) (Pergamon Press, Oxford, 1980), pp. 343-352. 
55. B. R. T. Simoneit. In: The Impact of the Treibs' Porphyrin Concept on the Modern 

Organic Geochemistry (A. A. Prashnowsky, ed.) (Universitat Wiirzburg, 1981), pp. 
133-158. 

56. B. R. T. Simoneit. In: Proc. of the Symposium Marine Chemistry into the Eighties 
(J. A. J. Thompson and W. D. Jamieson, eds.) (Nat. Res. Council of Canada, 
Ottawa, 1982), pp. 82-112. 

57. B. R. T. Simoneit. In: Chemistry and Analysis of Hydrocarbons in the Environment 
(J. Albaiges, ed.), Intern. J .  Enuironm. Anal. Chem. 12, 177 (1982). 

58. B. R. T. Simoneit, Atmosph. Enuiron. 18, 51 (1984). 
59. B. R. T. Simoneit, The Science ofthe Total Enuiron. 36, 61-72 (1984). 
60. B. R. T. Simoneit. In: Biological Markers, Monograph of IGCP 157 (R. B. Johns, 

Aromatic Compounds (Academic Press, New York, 1981), pp. 462. 

182 (1977). 

Durand, Geochim. Cosmochim. Acta 44, 1709 (1980). 

(1982). 

103-132 (1984). 

(1983). 

ed.) (Elsevier, Amsterdam, 1985), in press. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
0
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



232 B. R. T. SIMONEIT 

61. B. R. T. Simoneit, R. Chester and G. Eglinton, Nature 267, 682 (1977). 
62. B. R. T. Simoneit and I. R. Kaplan, Mar. Environ. Res. 3, 113 (1980). 
63. B. R. T. Simoneit and M. A. Mazurek, Critical Reviews in Environ. Control 11, no. 

3, CRC Press, 219-276, 1981. 
64. B. R. T. Simoneit and M. A. Mazurek. In: Proc. Fi fh  Int. Clean Air Congress (J. 

A. Rispoli, R. M. Rodriquez and D. D. Torti, eds.) (Asoc. Argentina Contra la 
Contam. del Aire, Buenos Aires, 1982), Vol. I, pp. 332-340. 

65. B. R. T. Simoneit and M. A. Mazurek, Atmos. Environ. 16, 2139 (1982). 
66. B. R. T. Simoneit, M. A. Mazurek and T. A. Cahill, J .  Air Poll. Contr. Assoc. 30, 

387 (1980). 
67. B. R. T. Simoneit, M. A. Mazurek and W. E. Reed. In: Advances in Organic 

Geochemistry (M. Bjorsy et al., eds.) (J. Wiley and Sons, Ltd., Chichester, 1983), 
pp. 355-361. 

68. Y. L. Tan and M. Heit, Geochim. Cosmochim. Acta 45, 2267 (1981). 
69. J. F. Thomas, M. Mukai and B. D. Tebbens, Environ. Sci. Tech. 2, 33 (1968). 
70. B. P. Tissot and D. H. Welte, Petroleum Formation and Occurrence (Springer- 

71. H. Y. Tong and F. W. Karasek, Anal. Chem. 56, 2129 (1984). 
72. L. van Vaeck, G. Broddin and K. van Cauwenberghe, Environ. Sci. Tech. 13, 1494 

73. L. van Vaeck, G. Broddin, W. Cautreels and K. van Cauwenberghe, Sci. Tot. 

74. S. G. Wakeham, C. Schaffner and W. Giger, Geochim. Cosmochim. Acta 44, 403 

75. S. G. Wakeham, C. Schaffner and W. Giger, Geochim. Cosmochim. Acta 44, 415 

76. W. W. Youngblood and M. Blumer, Geochim. Cosmochim. Acta 39, 1303 (1975). 
77. M.-L. Yu and R. A. Hites, Anal. Chem. 53, 951 (1981). 

Verlag, Berlin, 1984), 2nd ed., pp. 699. 

(1979). 

Environ. 11, 41 (1979). 

(1980). 

(1980). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
0
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1


