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ABSTRACT
Ultrahigh-resolution Fourier transform ion cyclotron resonance
mass spectrometry has recently revealed that petroleum crude oil
contains heteroatom-containing (N,O,S) organic components hav-
ing more than 20 000 distinct elemental compositions (CcHhNnOoSs).
It is therefore now possible to contemplate the ultimate charac-
terization of all of the chemical constituents of petroleum, along
with their interactions and reactivity, a concept we denote as
“petroleomics”. Such knowledge has already proved capable of
distinguishing petroleum and its distillates according to their
geochemical origin and maturity, distillation cut, extraction method,
catalytic processing, etc. The key features that have opened up this
new field have been (a) ultrahigh-resolution FT-ICR mass analysis,
specifically, the capability to resolve species differing in elemental
composition by C3 vs SH4 (i.e., 0.0034 Da); (b) higher magnetic field
to cover the whole mass range at once; (c) dynamic range extension
by external mass filtering; and (d) plots of Kendrick mass defect vs
nominal Kendrick mass as a means for sorting different compound
“classes” (i.e., numbers of N, O, and S atoms), “types” (rings plus
double bonds), and alkylation ((-CH2)n) distributions, thereby
extending to >900 Da the upper limit for unique assignment of
elemental composition based on accurate mass measurement. The
same methods are also being applied successfully to analysis of
humic and fulvic acids, coals, and other complex natural mixtures,
often without prior or on-line chromatographic separation.

Introduction
Detailed and quantitative measurement of compound
types and carbon number distributions of petroleum feed
and products is a cornerstone of molecular-based man-

agement of refining processes.1,2 Knowledge of the mo-
lecular composition of a crude oil is critical to selection
of refining (“downstream”) processes and refining condi-
tions, and ultimately to the economic value of the crude
oil. The speciation of heteroatomic (particularly N and S)
compounds is especially important due to their ultimate
fate as NOx and SOx emissions upon combustion. At the
“upstream” end, flow assurance requires understanding
of solid deposits in pipelines, including wax, asphaltene,
hydrates, and organic scale, all of which depend on oil
composition.

Ultrahigh-resolution mass spectrometry has recently
spawned a new field of “petroleomics”, namely, the
relationship between the chemical composition of a fossil
fuel and its properties and reactivity. In this Account, we
describe how to resolve and identify components of
different elemental composition in a complex mixture,
with experimental demonstrations from petroleum crude
oil and its distillates. Although the principle has been
understood for half a century, its experimental achieve-
ment has been realized only within the past few years,
based on our recent developments detailed below.

Petroleum crude oil is arguably the world’s most
compositionally complex organic mixture, in terms of the
number of chemically distinct constituents within a
dynamic abundance range of 10 000-100 000. For such
mixtures, chemists have traditionally relied on multiple
wet chemical separations (extraction, precipitation, distil-
lation, chromatography, etc.) to reduce the number of
components and thus simplify the determination of the
various molecular elemental compositions and structures.
Fortunately, each chemical element (more precisely, each
isotope of each element) has a different mass defect (i.e.,
the difference between its exact mass and the nearest
integer (“nominal”) mass).3 Moreover, it is now possible
to ionize virtually any organic molecule to produce a
molecular (e.g., M+) or quasimolecular (e.g., [M + H]+,
[M - H]-) ion. Thus, with sufficiently high mass resolving
power, m/∆m50%, in which m is ion mass and ∆m50% is
mass spectral peak full width at half-maximum height, it
is in principle possible to resolve and identify the elemen-
tal composition (chemical formula) of virtually any organic
molecule, even in a complex mixture. In this Account, we
describe recent advances culminating in the resolution
and identification of crude oil components of more than
10 000 different elemental compositions (CcHhNnOoSs),
with analogous extension to other complex mixtures (coal,
humic and fulvic acids). We shall also discuss the three
analytically useful molecular characteristics that derive
directly from elemental composition: “class” (i.e., num-
bers of heteratoms, NnOoSs), “type” (i.e., hydrogen defi-
ciency or number of rings plus double bonds), and carbon
distribution (number of -CH2 groups).
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Petroleum and Mass Spectrometry: Divergent
and Convergent Evolution
The unique connection between molecular mass and
chemical formula was recognized early in the develop-
ment of mass spectrometry.4 In fact, the earliest high-
resolution commercial mass spectrometers were devel-
oped for analysis of petroleum distillates. Unfortunately,
those mass analyzers relied on successive magnetic and
electric deflection of an ion beam through narrow slits.
Mass resolving power depended inversely on slit width,
whereas signal-to-noise ratio varied directly with slit
widthsthus, resolution could be increased only at the
expense of lower signal-to-noise ratio. Moreover, scanning
the mass range required scanning the magnetic field
strength, and acquisition of a single high-resolution mass
spectrum could take hours. Mass calibration was also
problematic. Finally, the principal ionization method was
bombardment with high-energy (∼70 eV) electrons, re-
sulting in extensive fragmentation of molecular radical
cations (M+•). Fragmentation is reduced by lowering the
electron beam energy (e.g., to ∼15 eV), but at the cost of
vastly reduced sensitivity and increased discrimination
between different compound types. As a result, petroleum
analysis by mass spectrometry has typically been limited
to components sufficiently volatile (i.e., low mass and
nonpolar) for gas chromatography/mass spectrometry.

The advent of Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS)5,6 ultimately made
it possible to obtain an ultrahigh-resolution (m/∆m50% >
100 000) mass spectrum in ∼1 s.7 Nevertheless, it has taken
∼25 years to realize that potential for analysis of complex
mixtures. To see why, we need to digress briefly to
understand how to calibrate and assign mass spectral
peaks to particular elemental compositions.

Neutrals, Ions, and Electrons. As reviewed elsewhere,8,9

it is possible to generate odd-electron molecular ions (M+•)
from low-voltage electron impact (LVEI) or field ioniza-
tion/field desorption (FI/FD) and quasimolecular even-
electron ions (e.g., (M + H)+, (M - H)-) by chemical
ionization (CI), matrix-assisted laser desorption/ionization
(MALDI), or electrospray ionization (ESI), without signifi-
cant fragmentation. (The obvious advantage is that there
is ∼1 mass spectral peak per analyte compositions

compare, for example, to NMR or optical spectroscopy,
for which a single molecule can yield thousands of spectral
peaks.10) It can be shown that even-electron ions of odd
(even) mass must contain an even (odd) number of
nitrogen atoms.11 Conversely, odd-electron ions of odd
(even) mass contain an odd (even) number of nitrogens.
Moreover, every additional ring or double bond decreases
the number of hydrogens by 2, without changing the
numbers of other atoms in a molecule. For a molecule
containing c carbons, h hydrogens, and n nitrogens, one
can show that11

Compositional Nominal Mass Isobars. The primary
problem in assigning correct elemental composition to

ions of a given mass in a complex mixture is to distinguish
two compositions of the same nominal mass but different
exact mass. Equation 1 immediately reveals which such
nominal mass “isobars” are allowed by chemical bonding
rules. For example, replacement of CH4 by O (both
nominal mass 16 Da, but differing by 0.0364 Da in exact
mass) is possible, provided that another ring or double
bond is added (e.g., isobutane vs acetone). Similarly,
replacement of SH4 by C3 (both nominal mass 32 Da, but
differing by 0.0034 Da in exact mass) is possible, if
accompanied by addition of five rings plus double bonds.
Conversely, various other nominal mass isobars are
impossible: e.g., molecules differing by CH2 vs N, NH2 vs
O, etc.

Accurate Mass Measurement To Yield Elemental
Composition. The generation of chemical formulas from
accurate mass measurements of petroleum-related samples
by non-FT-ICR mass analyzers has been reviewed re-
cently.12 The first applications of FT-ICR MS (at 3 T
magnetic field strength) to petroleum distillates were
based on low-energy electron ionization of volatile com-
ponents.13,14 At 3 T, it was not possible to obtain sufficient
mass resolution to span the full mass range in a single
spectrum, and so it was necessary to “stitch” 10-20
separately acquired mass-selected,15,16 heterodyne-de-
tected17 mass spectral segments together to obtain the
final composite spectrum. Increasing the magnetic field
to 5.6 T18 allowed for acquisition of the full mass range at
once, as shown for raw diesel feedstock in Figure 1.19 The
use of electron ionization limited that analysis to relatively
low-mass species (<300 Da), and the analysis yielded ∼500
different elemental compositions (note the four resolved
elemental compositions at 225 Da nominal mass). In each
case, it was possible to assign a unique elemental com-
position on the basis of sub-ppm mass measurement
accuracy. That accuracy in turn depends on mass calibra-
tion.

Mass Calibration. An ion moving in a spatially uniform
magnetic field rotates about the field at a “cyclotron”

rings + double bonds ) c - (h/2) + n/2 + 1 (1)

FIGURE 1. Low-energy electron impact ionization 5.6-T FT-ICR mass
spectrum, showing ∼500 resolved peaks, for a 1-µL septum injection
of raw diesel feedstock. The inset mass window shows resolution
of four ions of different elemental composition at the same nominal
mass, each identified with mass accuracy <0.3 ppm at a mass
resolving power m/∆m50% ≈ 100 000.19
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frequency proportional to z/m (in which m is the ion mass
and z is the number of elementary charges per ion). The
addition of other ions and an axially quadrupolar electric
potential (to keep the ions from escaping along the
magnetic field direction) shifts the cyclotron frequency of
ions of all m/z values by an approximately constant
amount.20 These effects lead to a simple quadratic equa-
tion that relates ion cyclotron frequency to ion m/z.21,22

Thus, if ions of at least two known m/z values are present,
one can convert the ICR frequencies of all other ions to
their m/z values. In an EI FT-ICR mass spectrum (as in
Figure 1), it is easy to recognize CcHh

+ ions as those with
the highest exact mass at a given nominal mass (e.g.,
C16H33

+ at 255 Da nominal mass). The hydrocarbon ions
thus serve as “internal” mass calibrants, allowing for very
precise interpolation to yield the masses of the remaining
species. For electrospray ionization FT-ICR mass spectra,
one may add known “external” mass calibrants, either to
the liquid sample itself, or by external accumulation23 of
calibrant and analyte ions electrosprayed alternately from
two different needles.24

Electrospray Ionization of Petroleum. John Fenn first
demonstrated that electrospray ionization could generate
abundant ions from the more polar molecules (such as
N, S, and O compounds) in petroleum distillates.25 Al-
though such species make up a small fraction (less than
15%) of most crude oils,26 they are important for petro-
leum exploration, production, and refining.27 Because
electrospray is a continuous ionization source, whereas
FT-ICR MS is an inherently pulsed detector, ions are
accumulated continuously in an external multipole ion
trap, and then pulsed periodically into the ICR ion trap
for mass analysis.23

Ultrahigh Mass Resolution Is Not Enough. The most
direct (and most expensive) way to improve FT-ICR
performance is to increase the magnetic field strength, B.
Mass resolution and mass resolving power increase lin-
early with B, whereas upper mass limit and dynamic range
increase as B2, and the tendency for closely spaced
resonances to coalesce varies as 1/B2.28 Positive- and
negative-ion ESI 9.4-T FT-ICR mass spectra are shown in
Figure 2. The high magnetic field allows for resolution of
more than 17 000 different compounds. Because ESI
generates positive ions by protonation (i.e., of the more
basic compounds) and negative ions by deprotonation
(i.e., of the more acidic compounds), positive- and nega-
tive-ion ESI mass spectra typically originate from different
neutrals (even of the same elemental composition).
However, even at a mass resolving power, m/∆m50% >
350 000, the number of possible elemental compositions
increases so rapidly with increasing mass that it is typically
not possible to assign a unique elemental composition for
ions greater than ∼300 Da in mass (see below).29

The dynamic range (ratio of highest- to lowest-
magnitude peak) in FT-ICR MS is limited to ∼10 000-
50 000 for data from a single acquisition. Thus, because
precision in measurement of mass (i.e., the horizontal axis
in a mass spectrum) is proportional to the peak height-
to-noise ratio (i.e., the vertical axis in a mass spectrum),30

it is clear that mass measurement accuracy will be poorest
for ions of low relative abundance. One solution is to co-
add time-domain signals from hundreds of individual
acquisitions,8,9 because signal-to-noise ratio accumulates
as the square root of the number of co-added acquisi-
tions.17 Alternatively, it is possible to select ions spanning
a specified m/z range, either by mass-selective ejection
inside the ICR trap,31 or by passage through an external
quadrupole mass filtersthus, the ICR trap may be filled
with ions only within a particular m/z range, thereby
increasing the signal-to-noise ratio within that range. Of
course, one must then “stitch” together many such
segments to reconstitute a full m/z range spectrum.
Finally, since mass measurement precision also scales as
the square root of the number of data points per peak
width,30 it is advisable to extend the time-domain data
acquisition period (to yield up to 4 Mword data sets).

Helpful Patterns in Mass Spectra. Further progress in
assigning the mass spectral peaks thus depends on
identifying spacings (not just individual ion masses) in the
spectrum. For example, Figure 3 shows two mass scale-
expanded segments of the ESI FT-ICR mass spectrum of
a Chinese crude oil. Even at low “magnification” (bottom
spectrum), families of peaks are separated by multiples
of 14.01565 Da (i.e., the mass of CH2). Those species must
therefore be ions of the same “class” (i.e., same numbers
of heteroatoms (NnSsOo) and the same “type” (i.e., same
number of rings plus double bonds, but differing numbers
of -CH2 groups (i.e., a “carbon number distribution”). At
higher “magnification” (top spectrum), one finds series
of peaks separated by multiples of 2.01565 Da (i.e., the
mass of two hydrogens). Those species are thus ions with
the same class and carbon number, but different “type”
(i.e., different numbers of rings plus double bonds).
Compound “type” is also commonly reported as the value
of Z in the elemental composition, expressed as CcH2c+Z-
NnOoSsPp. For example, a carbazole molecule, C12H9N,
contains three rings and six double bonds, so that 2c + Z
) 9, and Z ) -15. Thus, an alkylated carbazole has
elemental composition, CcH2c-15N, and a shorthand nota-
tion for its compound class and type is -15N.

FIGURE 2. Electrospray ionization 9.4-T Fourier transform ion
cyclotron resonance composite mass spectrum of a crude oil.
Positive-ion and negative-ion mass spectra are combined in the
display. Average mass resolving power, m/∆m50%, is ∼350 000,
allowing for resolution of thousands of different elemental composi-
tions.41
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Species containing 13C provide additional information.
Because mass analyzers distinguish ions according to their
m/z ratio, a singly charged ion containing one 13C atom
will be found 1.00335 higher in m/z than ions of the same
elemental composition but with all 13C atoms. However,
for an ion with z elementary charges, the corresponding
13C-containing ion will be shifted upward by 1.003/z on
the m/z axis. In this way, we find that virtually all
electrosprayed petroleum ions of <1000 Da are singly
charged.

At currently achievable Fourier transform ion cyclotron
resonance broadband mass spectrometry resolving power
(m/∆m50% > 350 000 for 200 < m/z < 1000), it would be
necessary to spread out a mass spectrum (e.g., Figure 2)
over ∼200 m to provide visual resolution of the most
closely resolved peaks (e.g., top inset in Figure 1). Fortu-
nately, there are natural gaps in a typical mass spectrum,
spaced 1 Da apart, because virtually no commonly en-
countered elemental compositions yield masses at those
values (see Figure 5, belowsthe vertical scale spans a mass
defect range of only 0.05-0.26 (rather than 1.00), but
includes all observed chemical compositions). Thus, it is
possible to break a broadband mass spectrum into 1-Da
segments, rotate each segment by 90°, scale each segment
according to its mass defect (i.e., difference between exact
and nominal mass), and then compress the spacing
between the segments to yield a compact display (see
Figure 4).32 Such a display turns out to be the key that
unlocks mass assignments up to ∼1000 Da.

Kendrick Mass and Kendrick Plot. We previously
noted that the repeating mass (CH2) for a carbon distribu-
tion series is 14.01565 Da. It is particularly useful to rescale
the mass spectrum from the usual IUPAC mass scale
(based on the 12C atomic mass as exactly 12 Da) to the
“Kendrick” mass scale:33

The Kendrick scale effectively converts the mass of CH2

from 14.01565 to exactly 14.00000. Thus, homologous
series (namely, compounds with the same constitution of
heteroatoms and number of rings plus double bonds, but
different numbers of CH2 groups) will have identical
Kendrick mass defect:

Figure 5 is two-dimensional slice (i.e., peaks with
magnitude greater than 3σ of baseline noise) of the three-
dimensional display of Figure 4, rescaled from IUPAC to
Kendrick mass. For simplicity, only data from odd nominal
masses are shown. First, compounds of the same class
and type but different number of CH2 units are separated
by 14 Da in nominal Kendrick mass, but zero difference
in Kendrick mass defect, and thus fall on a single
horizontal line. Second, compounds of different class are

FIGURE 3. Mass spacings in an ESI FT-ICR mass spectrum of a
crude oil. Each added ring or double bond lowers the mass by
2.01565 Da, and each additional -CH2 group increases the mass by
14.01565 Da. Identification of such spacings is essential to correct
assignment of elemental composition (see text).

Kendrick mass ) IUPAC mass × (14/14.01565) (2)

FIGURE 4. Three-dimensional display of a 5-Da segment of a
broadband electrospray ionization FT-ICR mass spectrum of a heavy
crude oil. The average resolving power across the broadband
spectrum is m/∆m50% ) 390 000, and the signal-to-noise ratio of the
base peak is 1480:1. The spectrum has been sliced into 1-Da
segments, and each segment is then rotated by 90° and scaled
according to its “mass defect” (i.e., difference between exact and
nominal mass). The segments are then stacked according to their
nominal masses as shown.32

FIGURE 5. Plot of Kendrick mass defect vs nominal Kendrick mass
for ions of odd nominal mass from 200 to 900 Da in a broadband
ESI FT-ICR mass spectrum of a Chinese crude oil. Note the
periodicities of 2 and 14 Da on the nominal mass axis, as well as
0.01340 Da (i.e., Kendrick mass defect for two hydrogens) on the
mass defect axis. These spacings make it possible to determine
molecular “class” and “type” simultaneously over a wide mass
range from a single display (see text).

Kendrick mass defect ) (exact Kendrick mass -
nominal Kendrick mass) (3)
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now readily identified, because the Kendrick mass defect
for compounds of a given class is displaced vertically from
those of other classes (see the horizontal carbon distribu-
tions for the O and O2 classes in Figure 5). Third, every
additional ring or double bond lowers the nominal Ken-
drick mass by 2 Da, but also increases the Kendrick mass
defect. For example, Figure 5 shows clear vertical separa-
tion between carbon distributions (horizontal rows of
black data points) for the O2-compounds containing 1-16
rings plus double bonds.

The primary value of the Kendrick plot32 is that once a
few related compounds have been identified, extension
of that pattern to higher mass allows for confident
elemental composition assignment of ions whose mass
would otherwise be too high to allow for unique assign-
ment based only on the measured mass of that peak. Thus,
despite increasing vertical uncertainty with increasing
nominal mass in Figure 5, it is still possible to assign high-
mass peaks with confidence by extrapolation from lower-
mass members of an existing carbon series uniquely
assigned at low mass.

If an elemental composition for a compound whose
carbons are all 12C is assigned at a given even mass, then
one would expect to find the same elemental composition,
except with one 13C instead of 12C, at an odd mass, 1.00335
Da (IUPAC) mass units higher than the corresponding
even-mass peak. Thus, Kendrick plots at odd and even
masses provide a convenient double-check on mass
assignments. Finally, the data in the horizontal rows of
Figure 5 begin to scatter noticeably above ∼600 Da for
two reasons. First, the FT-ICR mass resolving power
decreases with increasing mass.34 Second, above ∼600 Da,
the ICR signal from ions of a given listed elemental
composition may no longer be fully resolved from that
for ions of other elemental composition(s), so that the
observed signal appears to shift slightly from its expected
ICR frequencysevidence for the need for even higher
magnetic field.

What To Do with the Data? The next question is how
to make use of such a vast array of thousands of elemental
compositions. As one example, Figure 6 shows a type

distribution (scaled as hydrogen deficiency, or Z, values)
for all species containing two oxygen atoms in a Chinese
crude oil. (All members of the carbon distribution for each
class and type are combined in each vertical bar.) One
can thus gain an understanding of the distribution of
aromatic ring sizes in the mixture. In contrast, Figure 7
shows the class distribution for each of three crude oils
of different geographic origin, revealing major differences
in the relative abundances of species containing different
number of N, S, and O atoms. It is also possible to
compare carbon distributions (not shown) for different
crude oilssthe resulting differences in alkylation patterns
should prove useful for modeling of the flow properties
of such liquids.

Noncovalent Aggregates. Virtually all of the ions in the
crude oil ESI FT-ICR mass spectrum of Figure 2 are below
∼1000 Da in mass. That result contrasts strikingly with
prior estimates of crude oil molecular weight distributions
based on size exclusion chromatography, light scattering,
etc., but is corroborated by recent fluorescence depolar-
ization results,35 as explained in a recent review.36 At the
high concentrations typically used for non-MS analysis,
noncovalent adducts and aggregates are likely present.
Noncovalent adducts are not present in our ESI FT-ICR
mass spectra, because we see no significant change in the
mass spectra on CO2 infrared laser irradiation. For mix-
tures of porphyrins, on the other hand, noncovalent
dimers dominate the ESI FT-ICR mass spectrum and may
be dissociated by IR irradiation.37

Caveats
Because ionization efficiency (for any ionization method)
for one species can be greatly affected by the presence of
other species, it is not easy to relate the observed ion
relative abundances to the relative abundances of their
precursor neutrals in the original sample. For example,
positive-ion electrospray ionization favors the most basic

FIGURE 6. Type distribution for CcH2c+ZO2 acids identified in an
ESI FT-ICR mass spectrum of Chinese crude oil. The Chinese crude
is highly naphthenic with a predominance of one- and two-ring acids
(i.e., 0 > Z > -8, for species containing two oxygen atoms). The
acids may contain up to five aromatic rings.27

FIGURE 7. Comparison of compound classes identified in each of
three crude oils. Relative abundance for acids (O2) mirror the total
acid number (TAN) values: Chinese crude > Middle Eastern crude
> North American crude. The Middle Eastern and North American
crude oils contain a high relative abundance of sulfur-containing
classes, as expected from their high sulfur content. Only classes
with a relative abundance >1% are shown.27
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compounds, whose presence can reduce the relative
abundance of species of lower basicity. Ultimately, it will
be necessary to calibrate the relative ionization efficiencies
by spiking the mixture with species of known ionization
efficiency.

Moreover, electrospray selectively ionizes only the
relatively minor polar constituents of crude oil, and it is
important to gain access to less polar species (e.g.,
paraffins, cycloparaffins, aromatics, thiophenes, etc.) Field
desorption ionization coupled with FT-ICR mass analysis
promises to extend compositional analysis to hydro-
carbons (at least the aromatics) and other nonpolar
components.38 Further extensions to field ionization,
atmospheric pressure chemical ionization, and atmo-
spheric pressure photoionization promise to broaden the
range of compounds accessible to ultrahigh-resolution
FT-ICR mass analysis.

Finally, additional structural information is, in prin-
ciple, available by measuring at high resolution the mass
of ion fragments produced by dissociation of precursor
molecular or quasimolecular ions, i.e., tandem mass
spectrometry (MS/MS).39 However, the best present reso-
lution in mass selection of precursor ions is about 100
ppm,40 so such experiments can currently select ions only
to within ∼1 Da. Since we already know that such a range
can include at least 29 different elemental compositions,41

MS/MS experiments are presently at the edge of feasibility.

Future Projections
ESI FT-ICR MS alone exposes characteristic differences
between crude oils of different origin and maturity.27

Thousands of N-, S-, and O-containing components in
diesel fuel may be monitored simultaneously at various
stages of processing19,42sinformation critical to the re-
moval of such species as catalysis poisons and pollutants
resulting from combustion. A single ESI FT-ICR mass
spectrum of crude oil can resolve and identify ∼20 000
different elemental compositions, a number that should
double when combined with FT-ICR mass spectra gener-
ated by other ionization methods. Thus, the “petroleome”
for a single crude oil may contain as many or more
compositionally distinct components as there are open
reading frames in the human genome!43

An important class of future applications is the forensic
identification of complex mixtures. Human fingerprints
or DNA are useful for identification because their patterns
are so complex. Similarly substances which themselves
are compositionally complex may be identified precisely
by virtue of that complexity. For example, arson “acceler-
ants” (kerosene, gasoline, diesel fuel, lighter fluid, etc.)
contain components whose elemental compositions are
characteristic of each mixture. A small amount of uncom-
busted accelerant may thus be compared by FT-ICR MS
to a library of such accelerants for forensic identification.44

The same idea applies to explosives.45

Other complex organic mixtures also lend themselves
to compositional analysis by FT-ICR MS: coal (more than
10 000 resolved elemental compositions),46 humic and

fulvic acids,47-52 organic phosphates,53 etc. Environmental
weathering54,55 and biodegradation of fossil fuels56 may
now be understood in compositional detail.

Finally, chemical composition requires both identity
and quantity of each component. This paper mainly
addresses identification. The ultimate success of “petro-
leomics” will require advances in quantification, modeling,
and informatics. For example, since MS cannot distinguish
isomers by mass alone, other tools such as NMR, IR,
XANES, and chromatography will be needed to enable full
“petroleomics”.
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