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Microprobe two-step laser desorption/laser ionization mass spectrometry (mL2MS) and gas
chromatography/mass spectrometry (GC/MS) were used to analyze polycyclic aromatic
hydrocarbons (PAHs) in ancient terrestrial rocks. mL2MS provides an in situ analysis of very
small samples, records the PAHs with no isomer information, and gives quantitative data on
the degree of alkylation of a given PAH series over the complete mass range. GC/MS provides
isomer separation and quantitation of PAHs in bitumen but not kerogen, and is limited by
sample size. Combination of these techniques allows analysis of very small samples by mL2MS
with GC/MS confirmation of isomer distributions of the solvent extractable components
(bitumen). It was found that the concentration of bitumen within the rock samples affects the
PAH alkylation signal for mL2MS. At low bitumen concentrations mL2MS can produce
pyrolysis products from kerogen that is present; however, as bitumen concentrations increase,
the PAH distribution from bitumen dominates the signal. (J Am Soc Mass Spectrom 2001, 12,
989–1001) © 2001 American Society for Mass Spectrometry

In this work mL2MS and GC/MS are used to analyze
PAHs in ancient terrestrial rocks that are 1.4 to 2.5
billion years old. Terrestrial PAHs are typically formed

by one of the following ways: incomplete combustion of
organic material [1, 2], in situ synthesis during bacterial
degradation of biological material [3], and diagenesis of
organic matter during burial [4]. There are reports of
direct biosyntheses of PAHs by algae [5], plants [6, 7], or
bacteria [8–14]; but there is some unresolved controversy
[15, 16] regarding their origin. PAHs are often abundant in
the bitumen derived from sedimentary rocks. Further-
more, PAHs are particularly robust molecules that are
thermally stable, have low water solubility, and therefore
can survive in sedimentary rocks over hundreds of mil-
lions, and in certain circumstances, billions of years. As the
rock undergoes catagenesis, the alkylation series of PAHs
is affected by the transfer and loss of the methyl or alkyl
groups, and thus the isomer distributions are altered.
With increasing temperatures during burial the alky-

lated series of the PAHs change to more thermodynam-
ically stable structures [17, 18]. These changes are the
basis of assessing petroleum maturity and allow the
thermal history of oils and source rocks to be studied.
Hence, the isomer distributions of alkylated PAHs
provide useful information on the sediment-derived
PAHs [19–21]. Furthermore, the environment of depo-
sition of a source rock or crude oil can also be eluci-
dated from PAH distributions [22].

PAHs in sedimentary rocks exist in two forms—free
or unbound in the bitumen, and bound to the kerogen
[23]. GC/MS is the technique traditionally used to evalu-
ate PAH distributions in bitumen. The bitumen is first
isolated by extraction with organic solvents before analy-
sis. The advantage of GC/MS analysis is the ability to
separate isomers by capillary GC before their introduction
to the mass spectrometer. This advantage provides the
dual benefits of generating isomer distributions and sep-
arating PAH isomers with the same molecular weight. By
introducing internal standards, quantitative information
can also be obtained on the PAHs within the bitumen.

mL2MS is a relatively new and powerful technique in
which the two essential steps of any mass spectrometric
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analysis, vaporization and ionization, are carried out
using two independent laser sources. To date the most
notable use of the mL2MS technique is the analysis of
PAHs in extraterrestrial samples such as freshly frac-
tured meteorite samples [24, 25] including one that is
believed to have originated from Mars [26], meteoritic
acid residues [27], interplanetary dust particles [28], and
graphite grains that are believed to be interstellar in
origin [29]. PAHs have also been detected in environ-
mental matrices [30] such as contaminated soils and
sediments [31–33], single diesel particulates [34], and
urban aerosols [35, 36]. Besides identifying PAHs, the
mL2MS technique has been successfully used to analyze
polymer additives [37, 38], amino-acids [39], porphyrins
[40], dyes [41, 42], and fullerenes [29].

In the first step of mL2MS, the output of a pulsed
infrared (IR) laser is focused on the sample, which
causes rapid heating in the spot area and thereby
releases a plume of intact neutral molecules. In the
second step, the output of a pulsed ultraviolet (UV)
laser causes (1 1 1) resonance-enhanced multiphoton
ionization (REMPI) of those desorbed molecules that (1)
are able to absorb this UV wavelength and (2) whose
ionization potential is less than the energy of two
photons at this wavelength. By using 266 nm light,
PAHs are selectively ionized. The resulting ions are
then mass analyzed in a reflectron time-of-flight (TOF)
apparatus. By keeping the IR and UV laser powers as
low as possible, the PAHs are desorbed with minimal
decomposition and ionized with minimal fragmenta-
tion. Consequently, the resulting spectra consist primar-
ily of parent ion peaks. The use of a laser to volatilize
neutral molecules and the subsequent laser photoion-
ization of PAHs in mL2MS enables the in situ analysis of
samples. This procedure eliminates the extraction steps
necessary for the analysis of bitumen by GC/MS exper-
iments, thereby reducing the loss of volatile constitu-
ents and the possibility of contamination and chemical
alteration caused by sample handling and treatment.
However, isomer information is not easily obtained
from mL2MS analysis. Thus, by using the two tech-
niques in a complementary manner, a more thorough
analysis should be accomplished.

Although GC/MS allows chromatographic separa-
tion of the isomers of a given PAH series, increasing
alkylation leads to larger numbers of isomers and more
data complexity. In contrast, mL2MS detects all the
compounds of one mass in a single, more easily distin-
guished peak. This feature is a limitation in terms of
isomer separation, but for molecules with large num-
bers of isomers it is actually an advantage compared to
GC/MS, for which separation of the isomers effectively
lowers the detection sensitivity.

Unlike GC/MS, mL2MS cannot give quantitative
information on the absolute concentrations of PAHs
present. The intensities of the peaks in mL2MS are not
only a reflection of the concentration of the compound
in the sample but also depend on the volatility and the
photoionization cross section of the species at the ion-

ization laser wavelength. The release of a given PAH
depends on the nature of its interaction with the matrix
in which it is found and the desorption wavelength. To
a good approximation the alkyl substitution of the
aromatic chromophore does not tend to change its
photoionization cross section significantly. In contrast,
the photoionization cross sections of different parent
PAH skeletons vary widely [43] and have not been
completely characterized for our instrument. Conse-
quently, it is currently difficult for us to compare
different PAH series in a quantitative manner using
mL2MS, although alkylation within a series can be
quantitated, provided contributions from other types of
isomers can be treated as negligible.

A major advantage of the mL2MS technique is the
high instrument sensitivity, which is in the subattomole
range for PAH species [44]. Therefore, for a typical
mL2MS experiment only milligram quantities of sample
are required. Furthermore, mL2MS is a gentle and
relatively nondestructive technique that removes only
monolayers of material at a time, making it possible to
do subsequent spectroscopic measurements of a sam-
ple, such as scanning electron microscopy and electron
microprobe analysis. The detection limit for GC/MS is
much greater than for mL2MS, and typically at least 10
grams of sample is extracted for analysis of an individ-
ual rock.

A mL2MS measurement usually takes less than 5 min,
and a complete mass spectrum can be obtained for a
single sequence of desorption and ionization laser
pulses. Each spectrum in this work is, however, a
50-shot average, and the sample is repositioned be-
tween laser shots so that desorption occurs from a fresh
portion of the sample every time. A GC/MS experiment
takes a significantly greater amount of time because of
the bitumen extraction step and because some of the
less volatile compounds require a few hours to separate
during capillary GC.

Mass ranges of several hundred Da can be easily
obtained using mL2MS because the technique is not
limited by the volatility of the compound. Desorption
using a pulsed laser results in heating rates of 105 to 1011

K/s [45] which provides a remarkably versatile method
for introducing thermally labile and high molecular
weight species into the gas phase, often intact. Theoret-
ically, there is no upper mass limit for the mL2MS
technique because of the use of TOF detection. For
GC/MS, volatility issues are more severe. Furthermore,
PAHs heavier than 300 Da do not readily pass through
the standard columns used. Grob [46] has demonstrated
the extension of the GC/MS mass range to include
rubrene (532 Da) but at the expense of inadequate
resolution at lower masses.

It should also be noted that the mL2MS technique has
the capability of giving spatial information of PAHs for
a particular sample. Depending on whether a CO2 or
Er:YAG laser is used for desorption, sampling occurs
from a 40 mm or 10 mm diameter spot respectively. By
translating the sample surface under the microscope,
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objective spatial maps of PAHs on the surface can be
generated. Because a complete mass spectrum can be
obtained from a single analysis spot, spatial maps of all
masses can be acquired simultaneously. Although we
have not used the mapping capabilities of mL2MS in this
study, it becomes important in situations where the
presence or absence of certain molecules may be corre-
lated to minerological features of the sample.

The objectives of this work are to (1) examine the
similarities and differences between the mL2MS and
GC/MS techniques using the same sedimentary rock
samples of known geochemical composition and geo-
logical history; (2) assess the use of mL2MS in analyses
of terrestrial samples by comparing results with those
from GC/MS; (3) gain fresh geochemical perspective on
the mL2MS data of terrestrial and extraterrestrial sam-
ples already collected; and (4) establish a basis for
interpretation of future mL2MS spectra.

Samples Analyzed

A total of fifteen ancient terrestrial rocks were examined
from the Hammersley and MacArthur Basins, located in
western and northern Australia. Descriptions of these
samples are given in Table 1. These rocks have already
been well characterized [47, 48] and represent a range of
geological ages, formation types, and compositions.
Proterozoic and Archean rocks were chosen because
their organic matter does not contain any contribution
from higher plants. This fact reduces potential complex-
ity of the data. The results provide a baseline that data
from future analysis of extraterrestrial samples can be
compared against, because all the samples reported
here contain evidence for a variety of microbial life
present at the time of sediment deposition. Samples
from the MacArthur Basin are all thermally mature and
have been within the oil window. The one sample from

the Hammersley Basin is significantly more thermally
mature and may have reached early stages of metamor-
phism (Greenschist facies). For convenience, the sam-
ples will be designated by letters in the alphabet.

The 2.5 billion-year-old McRae Shale Formation
(sample A) is exposed in the Mt. Tom Price mine where
this banded iron formation (BIF) is exploited for its ore.
It contains biomarkers for cyanobacteria [49], along
with evidence for archea, bacteria and eukaryotes.
There have been similar findings in a 2.7 billion-year-
old BIF from the Roy Hill Shale of the Pilbara Craton,
western Australia. The presence of steranes, which are
indicative of eukaryotic life, was reported [50].

Ten samples are derived from the 1.64 billion-year-
old Barney Creek Formation (samples B, C, D, E, F, G,
H, I and J). The Barney Creek Formation is one of the
most biogeochemically characterized Proterozoic sedi-
ments [47]. Of these, two came from a McArthur River
mine (samples B and F), a stratiform Pb/Zn deposit
generated by interaction of sulfate and metal-rich hy-
drothermal brines with sedimentary organic matter
[51]. Hydrothermal vents are known to be a life source
in modern environments [52] and have been proposed
as a location for life on other planets [53, 54]. Several of
these samples contain fossil evidence for a significant
input of sulfide oxidizing bacteria, such as Beggiatoa sp.
or Thioploca sp., based on biomarker and micropalyon-
tological analyses [48].

The Reward Dolomite Formation (samples K and L)
is also 1.64 billion years old, and was deposited
conformably above the Barney Creek Formation in
the MacArthur basin. Samples M and N from the
overlying Lynott Formation have also been analyzed.
Sample O from the 1.4 billion years old Velkerri
Formation is significantly younger than samples M
and N from the MacArthur Basin but is of a similar
thermal maturity.

Table 1. Locations, ages, and descriptions of the terrestrial rocks studied

Location Basin Formation Age (Ma) Well name Depth (m) Rock type

Sample A Australia Hammersley McRae Shale 2500 G1185 Mt Tom Price 315 banded iron formation
Sample B Australia MacArthur Barney Creek 1640 HYC Pb-Zn Mine 2 Orebody dolomitic silty turbitite
Sample C Australia MacArthur Barney Creek 1640 GR7 866.5 black shale
Sample D Australia MacArthur Barney Creek 1640 I22/55 143.3 black laminated shale and

sulfides
Sample E Australia MacArthur Barney Creek 1640 Lynott West 3 313.9 dark grey shale
Sample F Australia MacArthur Barney Creek 1640 HYC Pb-Zn Mine 2 Orebody laminated Pb-Zn ore
Sample G Australia MacArthur Barney Creek 1640 Emu 9 403.6 black sulfidic silty shale
Sample H Australia MacArthur Barney Creek 1640 O38.51 925.5 nodular black shale
Sample I Australia MacArthur Barney Creek 1640 O38.51 966.7 sulfidic black shale
Sample J Australia MacArthur Barney Creek 1640 Emu 11 673.7 dark grey siltstone
Sample K Australia MacArthur Reward Dolomite 1638 Emu 13 256.1 dark grey siltstone, fine

mud laminae
Sample L Australia MacArthur Reward Dolomite 1638 Lynott West 3 233.4 medium grey laminated

dolomite
Sample M Australia MacArthur Lynott 1636 Lynott West 5 125 black silty shale
Sample N Australia MacArthur Lynott 1636 Lynott West 5 172 dark grey silty shale
Sample O Australia MacArthur Velkerri 1400 Urapunga 4 3570 black shale
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Experimental

mL2MS Technique

mL2MS instrument has been described in detail else-
where [44, 55]. The sample to be analyzed is placed on
a brass platter that is 7 mm in diameter, and introduced
into the instrument through a vacuum interlock. The
instrument is evacuated to 2 3 1028 torr in five min. IR
light from either a pulsed CO2 (Alltech AL 853; 10.6 mm
Alltech, Lubeck, Germany) or an Er:YAG laser (Big Sky
Laser 571 A; 2.94 mm Big Sky Lasers, Boseman, USA) is
focused using a Cassegrainian microsocope objective,
causing constituent molecules on the sample’s surface
to be desorbed. The IR laser power is kept low, ;2.5 3
106 W/cm2, to avoid plasma formation, minimize de-
composition, and ensure that only neutral species are
desorbed. After an appropriate time delay (25 ms)
during which the desorbed molecules move into the
extraction region, the fourth harmonic of a pulsed
Nd:YAG laser (Spectra Physics DCR11; 266 nm Spectra
Physics, Mountain View, USA) intersects the gas plume
and PAHs are selectively ionized. The UV laser pulse
intensity, ;1.25 3 106 W/cm2, is chosen to maximize
parent ion signal while minimizing fragmentation. The
ions produced are extracted from the source and in-
jected into the reflectron TOF mass spectrometer using
a series of charged plates in a modified Wiley McLaren
geometry [56]. A 20 cm2 active area dual micro-channel
plate detector is used in a chevron configuration to
detect the ions. The output of the detector passes
through a fast preamplifier (LeCroy VV100BTB, LeC-
roy, Chestnut Ridge, USA) and a timing filter (Ortec 474
Perkin-Elmer Instruments–Ortec, Oak Ridge, USA) and
is displayed on a digital oscilloscope (LeCroy 9450). The
resulting signal is averaged in the oscilloscope with
subsequent laser shots, and is transferred to a com-
puter.

GC/MS Technique

GC/MS was carried out on a VG Autospec Ultima-Q
(VG Analytical Ltd., Manchester, UK) attached to a
Carbo Erba 8000 series GC (Carbo Erba, Malmaison,
France), using a 60 m 3 0.25 mm i.d. fused silica
tubular column coated with 0.25 mm DB-5 stationary
phase (J&W Scientific, Folsom, USA). Helium is used as
the carrier gas in a split-less injection mode. The GC
was programmed from 50 °C for 2 min, followed by a
temperature ramp of 4 °C/min, and an isothermal
period of 20 min at 310 °C. During full-scan acquisition
the mass spectrometer was operated in the electron
ionization (EI) mode scanning from m/z 50–600, with a
scan time of 1.0 s and an electron energy of 70 eV.
Deuterated p-terphenyl and biphenyl (purchased from
Sigma-Aldrich) were used as internal quantitation stan-
dards. Quantitation was carried out on the GC/MS data
by comparison of the peak areas of the molecular ions of
the internal standards to peak area of the molecular ion

for each target compound. Response factors have been
previously assessed for the internal standard against
each major PAH. Response factors for members of an
alkylation series are assumed to be similar to that of the
parent PAH.

Sample Preparation

For mL2MS analyses, all the samples were analyzed as
ground powders. In some cases, freshly broken rock
chips were also analyzed for comparison. Bitumen for
GC/MS was extracted over 72 h at room temperature in
a Soxhlet apparatus (Chemglass, Vineland, USA), using
a mixture of dichloromethane and methanol in the ratio
of 87:13. An aromatic fraction was then isolated using
silica gel column chromatography, eluting with one
column volume hexane (saturated hydrocarbons), one
column volume 1:1 dichloromethane:hexane (aromatic
fraction), one column volume 1:1 dichloromethane:
methanol (polar fraction). After extraction, the bitumen-
free rock powder was subjected to mL2MS, and the
solvent containing the aromatic fraction of the bitumen
was analyzed by GC/MS.

Rock Eval Pyrolysis

Samples of 15–120 mg of ground rock powder were
analyzed on a Rock Eval 6 (Vinci Technologies, Cedex,
France) . Results were calibrated against IFP55000 as an
external standard, and data was collected on Rock 6
software. The data was processed on Rockint software.
Rock Eval is a common technique in the oil industry
[57], where it is a standard pyrolysis method of source
rock characterization and evaluation. The sample is
progressively heated under an inert atmosphere using a
temperature program. Bitumen (S1) is desorbed and
measured by flame ionization detection. Further heat-
ing causes pyrolysis of the bound organic matter (kero-
gen) and production and measurement of further hy-
drocarbons (S2). Low values of S1 are caused by low
bitumen contents. High values of S1 can be related to
rocks that have already generated petroleum or that
have been stained by migrating petroleum. Interpreta-
tion of this type of data is done in conjunction with
other parameters during source rock assessments. In
the current study the technique has been used as a rapid
screening tool to assess bitumen concentrations of each
sample.

Results and Discussion

Comparison of mL2MS Spectra with GC/MS
Fragmentograms

In spectra derived during mL2MS analysis, species
whose molecular weights are in multiples of 14 Da
heavier than the parent compound correspond to the
successive addition of CH2- groups to the PAH parent.
These molecules are referred to as alkylated PAHs. In
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this study we focus on the most prominent alkylation
series present in all the spectra, which starts with the
parent mass (178 Da), followed by series members at P1

(192 Da), P2 (206 Da), P3 (220 Da), P4 (234 Da), and P5

(248 Da). However, the mL2MS technique cannot unam-
biguously distinguish between structural isomers at a
single ionization laser wavelength. Although phenan-
threne has a higher ionization efficiency [58], the peak
at 178 Da could, in principle, be assigned to either
phenanthrene or anthracene. In GC/MS analysis of
bitumen, isomers for the alkylated members of the
series are separated on a capillary column. GC/MS data
for this sample set indicates that all bitumens contain
phenanthrene, with negligible amounts of anthracene.
Hence, in this study the peak at 178 Da in the mL2MS
spectra is assigned to phenanthrene.

Figure 1 shows the mL2MS spectra of freshly crushed
powders of the McRae Shale (sample A) and Barney
Creek Formation (sample B). There is a diverse array of
PAHs with masses between 120 and 320 Da for both the
samples. Table 2 presents the molecular weights and
structures of the main parent PAHs identified. The
mL2MS spectrum of McRae Shale (sample A), where
bitumen is not removed, is dominated by phenanthrene
(178 Da) and there are a few peaks at higher masses,
which are also at much lower intensity (Figure 1a).
Sample B, from the Barney Creek Formation, has a
much more complex PAH distribution in which
phenanthrene is no longer the dominant peak, and the
alkylated homologs P1 and P2 actually have greater

intensity than the parent PAH (Figure 1b). All the other
samples have PAH distributions that are similar to
those of samples A or B, and their spectra are not
included here.

GC/MS data for the extracted bitumen components
of the McRae Shale (sample A) and the Barney Creek
Formation (sample B) are shown in Figure 2. The total
ion chromatograms obtained during GC/MS analyses
are very complex and include hundreds of compounds.
To avoid complexity, Figure 2 is constructed from the
addition of ion chromatograms related to alkylation
series that include naphthalene and phenanthrene.
However, a detailed analysis of all the PAHs detected
by GC/MS is given in Table 3. The ion chromatogram
178 1 192 1 206 Da (Figure 2b) is dominated by one
component for the McRae Shale and the results are
similar to the mL2MS data (Figure 1a). GC/MS data
confirms that the extracted bitumen is dominated by
phenanthrene and the other peaks from the isomers of
methyl (P1) and C2-phenanthrenes (P2) are of much
lower intensity. The bitumen of the Barney Creek
formation (Figure 2b) is dominated by alkylated PAHs,
as was observed for the mL2MS spectrum of the corre-
sponding rock (Figure 1b). Ion chromatograms are also
provided for 156 1 170 1 184 Da for both samples
(Figure 2a), illustrating the complexity of the alkylated
naphthalene series. Multiple isomers can be separated
and identified using GC/MS; however, with increasing
alkylation and isomer complexity the ability of GC/MS
to resolve and detect PAHs is decreased.

Figure 1. mL2MS spectra: (a) McRae Shale formation [sample A] and (b) Barney Creek formation
[sample B].
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Although mL2MS and GC/MS give broadly consis-
tent results, significant differences are apparent in the
data collected by the two techniques. The most signifi-
cant difference is the isomer information that is pro-
vided by GC/MS but not mL2MS. Table 3 gives detailed
information on the GC/MS concentrations of all the
PAHs identified in parts per billion (ppb). For alkylated
naphthalene, C2-phenanthrene, and alkylated pyrene all
the individual isomers detected are not listed. From the
table, it is apparent that GC/MS clearly differentiates
between the pairs of structural isomers such as phenan-
threne and anthracene, and pyrene and fluoranthene.
The amounts of anthracene and fluoranthene identified
in the samples are negligible; thus it is accurate to refer
to the peaks at 178 and 202 Da as phenanthrene and
pyrene respectively. GC/MS also successfully separates
distinct peaks for four methyl-phenanthrene isomers
(192 Da), which are methylated at the 1-, 2-, 3- and 9-
positions respectively. As the alkylation level increases
to C2-phenanthrene at 206 Da, co-elutions come into
play and identifications may be compromised. How-
ever, where detailed information is required in complex
isomer mixtures, different chromatographic conditions
may be employed. In our study, we group entries
together for the peak at 206 Da, and the sum of all the
C2-isomers is given in Table 3. Moreover, data for C3-,
C4-, and C5-phenanthrene are not available for our
GC/MS study because of a decrease in detection sensi-
tivity as the number of possible isomers increases.
Different chromatographic conditions and the use of
selected ion monitoring could improve detection of the
more alkylated PAHs by GC/MS.

Table 2. Molecular weights and structures of parent PAHs
identified in the study

Compound Mass Structure

Naphthalene 128 Da

Phenanthrene 178 Da

Anthracene 178 Da

Pyrene 202 Da

Fluoranthene 202 Da

Chrysene 228 Da

Benzo(a)anthracene 228 Da

Benzo(b)fluoranthene 252 Da

Benzo(k)fluoranthene 252 Da

Benzo(a)pyrene 252 Da

Figure 2. GC/MS fragmentograms of extracted bitumens of McRae Shale [sample A] and Barney
Creek [sample B] formations showing (a) naphthalene series (156 1 170 1 184 Da) and (b) phenan-
threne series (178 1 192 1 206 Da).
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In the mL2MS technique all the isomers are detected
as one discrete peak, avoiding the need for several
different chromatographic conditions during GC/MS
analysis to detect isomers at increased levels of alkyla-
tion. However, because of the number of species
present in a real-life sample, a mL2MS spectrum can
exhibit mass peaks at essentially every integer, making
it difficult to determine if the peaks at low abundances
belong to an alkylation series. Thus, it is possible that in
Figure 1b the phenanthrene alkylation series continues
past the P5 member, but the presence of such higher
members does not stand out compared to neighboring
mass peaks. Nonetheless, the limit of detection for
mL2MS occurs at a much higher level of alkylation than
GC/MS.

In contrast to mL2MS, GC/MS gives quantitative
information on the parent and alkylated PAHs present
in the bitumen. Compared to all the samples, the McRae
Shale (sample A) has the highest concentration of
parent PAHs at 17,510 ppb and the Barney Creek
Formation (sample B) has the highest concentration of
alkylated phenanthrene at 19,680 ppb (Table 3). Naph-
thalene (128 Da) is present in the mL2MS mass spectra
but absent in the GC/MS data owing to volatility loss
during sample work up. This demonstrates that the
sample-handling step to obtain bitumen for the GC/MS
technique is much more subject to the loss of volatile
components than the mL2MS technique.

To obtain a better understanding of the two tech-
niques, rock powder was analyzed by mL2MS before
and after the extraction of the bitumen. The extracted
bitumen was analyzed by GC/MS. The PAH distribu-
tions obtained using mL2MS and GC/MS are compared
in Figure 3. In a given spider plot each spoke represents
a particular parent or alkylated PAH, and the length of
the trace along the spoke represents the signal intensity
of the corresponding peak obtained in the mL2MS and
GC/MS spectra. For both samples, the data are normal-
ized to the most intense peak.

For the McRae Shale (sample A), both the unex-
tracted and solvent-extracted rock powder show similar
distributions to the bitumen. In all cases, phenanthrene
dominates and alkylated PAHs are present in low
abundances (Figure 3a). For the Barney Creek Forma-
tion (sample B), only in the solvent-extracted rock
powder distribution does phenanthrene dominate (Fig-
ure 3b). The relative abundances of phenanthrene,
methyl phenanthrene and dimethyl phenanthrene in
the bitumen component (analyzed by GC/MS) and the
rock samples before and after extraction (analyzed by
mL2MS) are shown in Figure 4. The bar graphs are
normalized to the most intense peak. For both samples
the relative abundance of methyl phenanthrene in the
unextracted powder is not as high as that in the
bitumen. The bitumen and unextracted powder for
sample B are dominated by alkylated PAHs. This result
indicates that once the bitumen is removed we obtain a
parent PAH dominated signal from mL2MS. This result
suggests that the bitumen contains the alkylated PAH

signal in the organic matter of the rock. The removal of
bitumen clearly demonstrates the effect of the laser on
the kerogen. For the extracted residue containing only
kerogen, the desorbing laser beam must cause some of
the bonds holding the complex mixture of organic
compounds in the kerogen to break in order to allow
parts of it to be liberated into the gas phase. Analytical
pyrolysis techniques employing rapid heating [59–62]
are known to enhance the abundance of PAHs, and in
particular the parent molecules. One reason for this is
suspected to be cleavage of C™C bonds to aromatic
components. Not surprisingly, this pyrolysis effect has
been observed with various techniques [59–62] and is
not limited to mL2MS, which is a relatively low energy
process.

When the mL2MS desorption beam is incident on the
unextracted powder or a rock chip, alkylated PAHs
desorb from the bitumen in addition to the pyrolysis
products that are released from the kerogen. The com-
bination of these signals produces a higher abundance
of parent PAHs than is observed for the bitumen alone.
Hence, the discrepancy between the results for the
different fractions is related to the way PAHs are
released from the rock samples in the mL2MS technique.
These data clearly show that mL2MS and GC/MS
analysis of extracted bitumen affect the rock samples
in different ways, and that there is an important
difference between analyzing bitumen with GC/MS
and unextracted rock samples with mL2MS. The two
techniques clearly give complementary information,
the nature of which has been explicated in this study.
Overall, the combined use of both techniques should
provide a more complete analysis of any given sam-
ple than is possible by the use of either technique
alone.

Analysis of Ancient Terrestrial Rocks Using Both
mL2MS and GC/MS Data

Figure 5 shows the PAH distributions of all the rock
samples analyzed by mL2MS. It is clear from the figure
that samples from the same formation do not always
have the same PAH patterns. For the Barney Creek
Formation, alkylated PAHs dominate in samples B–F
(Figure 5b) and parent PAHs dominate in samples G–J
(Figure 5c). The two Reward Dolomite Formation sam-
ples also differ from each other. L has a significantly
higher relative abundance of alkylated PAHs compared
to K, in which the pyrene peak at mass 202 Da domi-
nates (Figure 5d). Finally, in the two samples from the
Lynott Formation, M is dominated by pyrene, whereas
N is dominated by alkylated PAHs (Figure 5e). All the
rocks can be divided into two broad categories depend-
ing on the relative amount of parent to alkylated PAHs.
Samples A, G, H, I, J, K, and M have higher amounts of
parent PAHs; whereas samples B, C, D, E, F, L, N, and
O have higher amounts of alkylated PAHs.

The mL2MS data were compared with that from

996 MAHAJAN ET AL. J Am Soc Mass Spectrom 2001, 12, 989–1001



GC/MS, to determine whether the simple grouping
mentioned above was reflected in the bitumen data.
Spider plots cannot be used to show the PAH distribu-
tions obtained from the GC/MS data because of the loss
of volatile aromatics (naphthalene) during sample prep-
aration and the loss of sensitivity for the higher alkyla-
tion series (P3, P4, P5) from the smearing out of chro-
matographically separated isomers. Thus, data
tabulated in Table 3 for the PAH concentrations ob-
tained in the GC/MS analysis is presented for compar-
ison.

The GC/MS data for the McRae Shale (sample A)
indicates that alkylated PAHs are abundant. The con-

centration of total parent PAHs is 17,510 ppb while that
of total alkylated PAHs is 30,740 ppb. However, it is
clear that phenanthrene is the dominant PAH in the
distribution as was seen in the mL2MS analysis. Samples
B, C, D, E, F, L, N, and O are heavily alkylated,
according to both mL2MS and GC/MS. GC/MS data for
sample H indicates an abundance of parent PAHs,
which is consistent with the mL2MS results. For samples
J, K and M the high parent PAH contents observed
using mL2MS are not reflected in the bitumen. This
observation demonstrates, once again, the difference
between the analysis of bitumen with GC/MS and
unextracted rock by mL2MS. Detailed GC/MS analyses

Figure 3. Spider plots showing the mL2MS PAH distributions before and after extraction of (a)
McRae Shale formation [sample A] and (b) Barney Creek formation [sample B].
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Figure 4. Bar graphs comparing phenanthrene series obtained by mL2MS and GC/MS for the (a)
McRae Shale formation [sample A] and (b) Barney Creek formation [sample B].

Figure 5. Spider plots showing the mL2MS PAH distributions of the rock samples from (a) McRae
Shale formation, (b) Barney Creek formation with alkylated PAHs dominating, (c) Barney Creek
formation with parent PAHs dominating, (d) Reward Dolomite formation, (e) Lynott formation, and
(f) Velkerri formation.
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of samples G and I were not done because sufficient
amounts of rock were unavailable for extraction.

All samples had been previously screened using
Rock Eval pyrolysis that can provide bulk characteris-
tics for the organic matter within rock samples. During
analysis the sample is heated in a stream of helium to
evaporate the bitumen (S1 value) and crack the remain-
ing kerogen (S2 value) to give an estimate of its petro-
leum potential. The Rock Eval data of all the samples is
given at the end of Table 3. Based on this information,

the samples are divided into two categories depending
on the amount of bitumen present. Samples A, F, G, H,
I, J, and K have relatively low bitumen concentrations
(low S1 values, defined as S1 , 0.03 mg/g), and samples
B, C, D, E, L, M, N, and O have higher bitumen
concentrations (S1 $ 0.03). Unextracted rock samples
with low S1 values (,0.03 mg/g) are, in general,
dominated by parent PAHs (Figure 6a) and those with
higher S1 values have abundant alkylated PAHs com-
pared to the parent PAHs (Figure 6b).

Figure 6. Spider plots showing PAH distributions of samples with (a) low S1 values and (b) high S1

values.
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The results illustrate the impact of mL2MS on sam-
ples with variable bitumen concentrations. Because the
bitumen carries the alkylation signal, the effect of the
mL2MS technique is most strongly observed in samples
with higher concentrations of bitumen. In the mL2MS
spectra there is also a contribution from kerogen
present in all the samples. However, in samples with
high S1 values the signals from the alkylated products
that are present in bitumen effectively overwhelm the
signals from most of the products that are caused by the
laser pyrolysis of kerogen. For samples with low bitu-
men concentrations, the PAH signals from the break-
down of the kerogen dominate the spectra. Conse-
quently, samples from the same formation give
different PAH distributions, depending on the level of
bitumen present.

Establishing a New Basis for Interpreting mL2MS
Spectra

The new information gained in this study of examining
the organic geochemistry of terrestrial rocks using two
techniques enables us to look at mL2MS results for
terrestrial and extraterrestrial samples with much
greater understanding. From the study of terrestrial
rocks it is evident that alkylated PAHs are generally
confined to the bitumen. Furthermore, the PAH alkyla-
tion distributions of the terrestrial rock samples using
the mL2MS technique are mainly determined by the
relative amounts of bitumen present. For low bitumen
concentrations, predominance of kerogen products gen-
erated during mL2MS analysis lead to a signature dom-
inated by unsubstituted PAHs. The bitumen component
is, by definition, the more volatile and extractable
portion. Therefore, it is possible that low levels of
alkylated PAHs in samples may be caused either by low
levels of free aromatic hydrocarbons and pyrolysis
effects on kerogen or by the unsubstituted nature of the
PAHs. Hence, care should be taken when interpreting
the alkylation distribution of a material studied by
mL2MS.

Conclusions

In general, mL2MS analyses give results that are consis-
tent with the GC/MS methods that are traditionally
used to study PAHs in bitumen from terrestrial rocks.
This agreement makes mL2MS a suitable and reliable
option for analysis of terrestrial samples in the future,
particularly where sample sizes are very small or spa-
tial variation may be of interest. mL2MS has some
analytical capabilities distinct from GC/MS. mL2MS can
analyze the bitumen and kerogen components in situ,
providing an analysis of the organic matter present in a
rock with very little sample handling. mL2MS shows the
total degree of alkylation for each mass, defining the
extent of the alkylation series for each PAH, and giving
alkylation data for an extended mass range. In contrast,

GC/MS data demonstrates clear isomer separation,
identification, and quantitation of the bitumen compo-
nents of rocks. However, it cannot successfully detect a
wide range of masses simultaneously or the higher
members of an alkylation series without multiple anal-
yses and different experimental conditions. mL2MS ex-
periments take significantly shorter times than GC/MS
experiments, and trace amounts of PAHs can be de-
tected using mL2MS. Overall, mL2MS and GC/MS are
complementary techniques and should be used in tan-
dem when sample size allows.
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