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Abstract-The chemical speciation of sulfur in heavy petroleums, petroleum source rock extracts, and 
source rock pyrolysis products was studied using X-ray absorption near-edge structure (XANES) spec- 
troscopy. The good energy resolution (ca. 0.5 eV) at the sulfur K edge and the strong dependence of 
XANES on the sulfur environment combine to give excellent sensitivity to changes in the electronic and 
structural environment of the sulfur. This has permitted identification and approximate quantitation of 
different classes of sulfur-containing compounds (e.g., sulfur, sulfides (including disulfides and polysulfides 
as a group), thiophenes, sulfoxides, sulfones, sulfinic acids, sulfonic acids, and sulfate) in a series of 
petroleums and petroleum source rocks. Our results indicate that the sulfur speciation of geological 
samples can be correlated with differences in source depositional environment, thermal maturity, and 
aromaticity. We report organosulfur compositions for the asphaltene, maltene, and liquid chromatographic 
fractions of two sulfur-rich oils. In addition, we find that the organosulfur species in some, but not all, 
oils are subject to oxidation upon storage and thus may also be susceptible to oxidation in shallow 
reservoirs exposed to oxic waters. This work illustrates the utility of XANES as a direct spectroscopic 
probe for the quantitative determination of sulfur species in geological samples. 

INTRODUCDON 

NEXT TO CARBON AND hydrogen, sulfur is the most abundant 
chemical element in petroleum, occuring at concentrations 
of over 10 wt% in some heavy oils (HUNT, 1979; TISSOT and 
WELTE, 1984; ORR and SINNINGHE DAMSTB, 1990). In- 
creased use of sulfur-rich petroleums and increased appre- 
ciation of the environmental impact of sulfur combustion 
products have led to a growing interest in understanding the 
chemical nature of the sulfur in oil and oil precursors (SIN- 
NINGHE DAMSTB et al., 1988a, and refs. therein). The present 
work describes the use of sulmr X-ray absorption spectroscopy 
for determining the speciation of sulfur compounds in pe- 
troleums. This contributes to petroleum geochemistry, has 
potential utility in predicting the geological distribution of 
oils with high or low sulfur contents, and also has important 
implications for enhanced oil recovery and refining operations 
involving sulfur-rich petroleums. 

A graph of frequency vs. sulfur content for a large collection 
of crude oils shows a bimodal distribution (TISSOT and 
WELTE, 1984). This distribution is used to classify “high- 
sulfur” (greater than 1 .O wt% sulfur) and “low-sulfur” (less 
than 1.0 wt% sulfur) oils. The total sulfur concentration of 
many oils correlates with various other properties, including 
specific gravity, viscosity, and aromatic hydrocarbon content 
(GRANSCH and POSTHUMA, 1974; ORR, 1986). However, be- 
yond such phenomenological correlations, the role of sulfur 
in the geochemical transformations which give rise to petro- 
leum is a current geochemical concern. There is a need for 
better characterization of the abundance and distribution of 
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sulfur species in, for example, kerogens, asphaltenes, and high- 
molecular weight fractions. 

Several factors are generally believed to affect the concen- 
tration of sulfur in oil. Among these are source characteristics 
(marine vs. terrestrial), presence or absence of dissolved sul- 
fate, depositional environment (carbonate vs. elastic se- 
quences) (TISSOT, 1981; VALITOV, 1983; HUGHES, 1984; 
TANNENBAUM and AIZENSHTAT, 1985) thermal maturity 
(Ho et al., 1974; ORR, 1986; SHOU and MYHR, 1988), ther- 
mochemical sulfate reduction (ORR, 1974; KROUSE et al., 
1988; SASSEN, 1988), and the extent of biodegradation (MA- 
GOON and ISAACS, 1983). Furthermore, the precise mode of 
sulfur incorporation in source organic matter, i.e., via H2S 
attack at susceptible centers (CASAGRANDE et al., 1979; 
MANGO, 1983; SINNINGHE DAMSTI? et al., 1989b,c), or 
mechanisms involving elemental sulfur or polysulfides 
(DOUGLAS and MAIR, 1965; MARTIN and HODGSON, 1973; 
DE Roo and HODGSON, 1978; CASAGRANDE and NG, 1979; 
AIZENSHTAT et al., 1983; PRZEWOCKI et al., 1984; WHITE et 
al., 1988; KOHNEN et al., 1989) remains an active area of 
inquiry. It is clear that both H2S and polysulfide can react 
with functionalities such as double bonds during very early 
diagenesis (SINNINGHE DAMST~ et al., 1989~; KOHNEN et al., 
1990a,b). The finding that sulfur compounds in the asphalt- 
enes and various chromatographic fractions of oils have uni- 
form 634S isotopic compositions (THODE and MONSTER, 
1970) suggests that the sulfur in each of the fractions comes 
from sulfur species with identical sulfur isotopic composi- 
tions. 

Chemical characterization is essential both for general un- 
derstanding of organosulfur transformations associated with 
petroleum formation and alteration, and for the development 
of organosulfur biological markers (SINNINGHE DAMSTI~ et 

801 



802 G. S. Waldo et al. 

al., 1989b). Unfortunately, chemical characterization of sul- 
fur-containing compounds in heavy oils, asphaltenes, source- 
rock bitumens, and kerogens is difficult. There is no generally 
applicable analytical method that is capable of nondestruc- 
tive chemical analysis for sulfur. Previous studies of sulfur 
composition in geochemical samples have utilized chemical 
methods, including Raney nickel desulfurization (MAJCH- 

ROWIEZ et al., 1987; SCHMID, 1986; SINNINGHE DAMSTI? et 
al., 1988b, 1990; DE LEEUW and SINNINGHE DAMST& 1990), 
pyrolysis in combination with chromatography and mass 
spectroscopy (SINNINGHE DAMSTI? et al., 1989a; PHILP et al., 
1988; PAYZANT et al., 1988; EGLINTON, et al., 1990), or 
chromatographic (SINNINGHE DAMST~Z et al., 1988a; REYN- 
OLDS and BIGGS, 1988) methods to identify sulfur-bearing 
components. Chemical methods are relatively insensitive, and 
both chemical and pyrolytic methods are subject to possible 
artifact formation; organosulfur compounds in heavy oils 
have long been known to include thermally unstable species 
(COLEMAN et al., 1953). Chromatographic methods give more 
precise chemical identification (VALISOLALAO et al., 1984; 
SCHMID et al., 1987; SINNINGHE DAMSTI? et al., 1986, 1987, 
1988a, 1989b; PAYZANT et al., 1983, 1989), showing the 
presence of thiolanes, thianes, and cyclic terpenoid sulfides 
in oils (ORR and SINNINGHE DAM&, 1990). They are gen- 
erally limited to compounds having relatively low molecular 
weights, although thiophenes containing up to 54 carbons 
have been identified (KOHNEN et al., 1990a). Chromato- 
graphic methods can require pre-processing (e.g., SINNINGHE 
DAM& et al., 1988b), which can alter the nature of the 
compounds being studied and which also prevents analysis 
of insoluble materials (e.g., kerogens, insoluble bitumens, 
etc.). Most importantly, both chemical and chromatographic 
methods have limited utility in studies of high molecular 
weight asphaltene components. 

Spectroscopic methods avoid many of these problems; 
however, traditional spectroscopic methods (e.g., UV-visible, 
IR, EPR, NMR) find limited application for sulfur containing 
compounds. In contrast, X-ray absorption near-edge structure 
(XANES) spectroscopy is quite useful for studies of local 
atomic environments (see BART, 1986, for a review). XANES 
refers to the structured absorption occuring within ca. 50 eV 
of the absorption threshold of an element. A typical sulfur 
XANES spectrum consists of an intense, narrow absorption 
peak (the so-called “white-line”) superimposed on a more or 
less structured absorption discontinuity. The sensitivity of 
XANES spectra to the electronic structure, oxidation state, 
and geometry of the absorbing site is well known. This sen- 
sitivity is particularly pronounced for low energy (2-3 keV) 
edges, since these have significantly better energy resolution 
(KRAUSE and OLIVER, 1979; HEDMAN et al., 1986; FRANK 
et al., 1987) than is possible at higher energies. TYSON et al. 
(1989) have made use of this high energy resolution in a 
recent study of sulfur electronic structure using angle resolved 
XANES spectroscopy. In addition to XANES, two related 
core-electron spectroscopies have been proposed for sulfur 
analysis. X-ray photoelectron spectroscopy has been used to 
characterize the sulfur in asphaltenes, kerogens, and bitumens 
(RUIZ et al., 1982; CLARK et al., 1983; CLARK and WILSON, 
1984); however, this technique is sensitive exclusively to spe- 

ties on the surface and is thus difficult to apply in bulk studies. 
A second alternative, in which energy-resolved X-ray flue- 
rescence is measured in place of X-ray absorption, has also 
been proposed as a method for determining sulfur compo- 
sition in fossil fuels (ANDERMANN et al., 1987). This method 
has not been widely used. 

SPIRO et al. (1984) used XANES to characterize the sulfur 
speciation in coal and related samples. HUFFMAN et al. (1987, 
1988, 1989) extended this to include both identification and 
structural characterization of sulfur species in coal using ex- 
tended X-ray absorption fine structure. In these studies, the 
emphasis was on qualitative rather than quantitative char- 
acterization of the sulfur species. Recently, GEORGE and 
GORBATY ( 1989) used XANES to investigate sulfur speciation 
in asphaltenes. They made use of third derivative spectra to 
improve the resolution of the spectroscopic features from 
different sulfur species. Although this permitted qualitative 
identification of the sulfur species present in their samples, 
they concluded that quantitative analysis was difficult. This 
is due both to the intrinsic difficulties of quantitating third 
derivative spectra and to the potential effects of “self-absorp- 
tion” (see below). We have applied the XANES technique 
to petroleums and petroleum source-rock pyrolysis products. 
In contrast to previous work, which was limited to qualitative 
identification of different sulfur-containing species in a sam- 
ple, we have developed a method for quantitating different 
sulfur-containing species in a sample. 

EXPERIMENTAL 

Sample Preparation 

Model compounds studied included elemental sulfur (Fisher), 
benzyl disulfide (Aldrich), benzyl sulfide (Aldrich), dl-methionine 
(Aldrich), I-cvsteine (Alfa). 2-hexadecvl thionhene (Kodak). benzvl _ . II _  

sulfoxidk (Aidrich), iheiyl sulfoxide- (Aldrich), dibenzothiophene 
sulfone (Aldrich), phenyl sulfone (Aldrich), cysteic acid (Alfa), and 
sodium sulfate (Mallinckrodt). All models were purchased from the 
indicated source and used without further purification. Model com- 
pounds were examined as dilute (ca. 0.33 wt% sulfur) solutions to 
minimize the effects of self-absorption. The dl-methionine and I- 
cysteine were examined as aqueous solutions, benzyl sulfoxide and 
dibenzothiophene sulfone were diluted in dimethyl formamide 
(DMF), and the other models were diluted in o-xylene. Cysteic acid, 
Ccysteine, dl-methionine, sodium sulfate, and benzyl disulfide were 
also examined as neat solids, in order to determine the effect of the 
solvent on the electronic environment of the central sulfur. Solid 
samples were ground to finer than 600 mesh and dispersed thinly on 
Mylar tape containing a sulfur-free adhesive and mounted over the 
window of an aluminum plate. Viscous fluid samples were applied 
as a thin film on Mylar and treated in the same manner as the models. 
Solutions were placed in cells equipped with 6 pm polypropylene 
windows. Aqueous sodium sulfate solutions (0.1 to I .O M) and oxy- 
lene solutions (0.3 to 3.0 wt% sulfur) of a high-sulfur marine oil (8.0 
wt% sulfur) were studied to determine the accuracy of the self-ab- 
sorption correction techniques. 

Sulfur Analyses 

Total sulfur content was determined by combustion using a LECO 
Model SC1 32 sulfur analyzer. 

Asphaltene Precipitation 

Asphaltene/maltene fractionation was performed on Rozel Point 
heavy oil, Sample No. 15; Utah, Monterey heavy oil, Sample No. 1; 
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California and Uinta Basin oil, Sample No. 18. Oil samples were 
diluted 50/50 (weight:weight) with toluene, and 10.0 g ofthe solution 
were poured into 400 mL of n-pentane. The flask containing the 
mixture was shaken for two minutes, wrapped in aluminum foil to 
exclude light, and allowed to stand undisturbed at room temperature 
for 24 h to permit asphaltene precipitation (SPEIGHT, 1980). After 
24 h, the n-pentane supematant was carefully removed, filtered (3 
micron fluoropore [Millipore]), volume reduced under reduced pres- 
sure, and evaporated to constant weight in a stream of dry Nz (57“C) 
to provide the maltene fraction. The precipitant was evaporated to 
constant weight under reduced pressure to provide the asphahene 
fraction. All solvents were Burdick and Jackson HPLC grade. 

Maltene Liquid Chromatographic Fractionation 

Isolated mahenes for each oil (Samples 1,15, and 18) were separated 
into polar, aromatic, and saturated hydrocarbon fractions by a two- 
step procedure. 100 mg of maltene were dissolved in 6 mL of n- 
hexane and applied to a n-hexane-washed silica gel in a standard 
SepPakB cartridge (Millipore). The cartridge was first eluted with 
n-hexane (10 mL), to give combined saturated and aromatic hydro- 
carbon fractions, and subsequently eluted with methanol (3 mL) and 
dichloromethane (10 mL), to give the polar fraction. The saturated 
and aromatic hydrocarbon fractions were evaporated under dry N2 
at 40°C to 2.5 mL and further fractionated by HPLC using a 50 cm 
X 9.4 mm I.D. silica gel (10 micron) column (Whatman Magnum 
9) Waters Model M6000 HPLC pump, Model 440 ultraviolet (UV) 
absorbance detector, Model 40 1 differential refractometer (RI), and 
Rheodyne Model 7125 injector. After sample injection, n-hexane 
mobile phase (2.00 mL/min) eluted the saturated hydrocarbons be- 
tween 11.0 and 14.2 min. The aromatic hydrocarbons were subsc- 
quently backflushed from the column. The saturated hydrocarbon, 
aromatic hydrocarbon, and polar (resinous) fractions were each 
evaporated to constant weight under dry N2 at 4O’C. The saturated 
hydrocarbon fractions were too small for sulfur XANES analyses. 

Hydrous Pyrolysis 

Hydrous pyrolysis is a technique to simulate petroleum generation 
under controlled conditions in the laboratory (LEWAN, 1985; PETEFIS 
et al., 1990). About 400 g of presieved, homogenized rock chips, 
ranging in size from 0.5 to I .O cm, were loaded into a 1-L stainless 
steel reactor vessel (Parr Instruments, Inc.). Distilled water was added 
to cover the rock chips, yielding a rock to water ratio of 1.5:1 by 
weight. Prior to pyrolysis, the vessel was checked for leaks under 
1500 psi of helium and purged three times with helium to remove 
air. The final helium gas pressure was reduced to 100 psi. Sealed 
vessels were heated isothermallv for 72 h at either 300 or 360°C. 
Following hydrous pyrolysis, expelled oil was collected using pro- 
cedures similar to published methods (LEWAN, 1985). Hydrous py- 
rolysis experiments were performed on core material from the Sili- 
ceous (5419-5425 ft) and Phosphatic (5649-5655 ft) members of the 
Monterey formation in the Bradley Lands No. 5-74 well (S5-9N- 
33W) from the Santa Maria Valley area of Santa Barbara County, 
California (PETERS et al., 1990). The cores were crushed and the 0.5- 
1 .O cm fraction was retained. Prior to the hydrous pyrolysis experi- 
ments, indigenous bitumen was extracted from these chips over a 
period of four months using a large glass column through which 
reagent-grade methyiene chloride was circulated. 

Biological Marker Analyses 

Biological marker (monoaromatic to triaromatic steroid hydro- 
carbon ratio) measurements involved HPLC fractionation of crude 

+ These energy assignments differ by 2.2 eV from those of GEORGE 
and GGRBATY (1989). This reflects the lack of an absolute energy 
standard for X-ray spectroscopy but has no effect on the subsequent 
analysis, which depends only on relative energy assignments. 

oils and GC-MS analyses of HPLC fractions, and are described else- 
where (MOLDOWAN et al., 1989). 

X-ray Absorption Spectroscopy 

Most sulfur K edge XANES spectra were measured at the Stanford 
Synchrotron Radiation Laboratory (SSRL) using an g-pole wiggler 
under unfocused conditions with a Si( 111) double-crystal mono- 
chromator. (For a discussion of synchrotron radiation properties, see 
WINICK and DONIACH, 1980.) The sulfate dilution studies used a 
bending magnet beamline. Some of the petroleum XANES data were 
measured using the SSRL 54-pole wiggler in undulator mode, with 
a P&coated focusing mirror and a Ge( 111) double-crystal mono- 
chromator. The benefits of this setup for low-Z studies are described 
elsewhere (HEDMAN et al., 1986). 

The monochromator was detuned by about 30% (undulator) and 
70-80% (wiggler and bending magnet) to eliminate higher harmonic 
components in the X-ray beam. The necessary extent of detuning 
was determined by measuring the transmission of harmonics through 
the sample. In this procedure, a nitrogen-filled ion chamber is placed 
immediately behind the helium-filled sample chamber. The funda- 
mental X-ray frequency is completely absorbed by the sample while 
the third harmonic (at ca. 7.5 keV) is transmitted with little atten- 
uation through the sample and absorbed in the rear ion chamber. 
This procedure offers a sensitive test of harmonic rejection. 

The data were collected as fluorescence excitation spectra (LYTLE 
et al., 1984) using a large solid-angle ionization chamber (STERN et 
al., 1982) as the fluorescence detector. The entire beam path was 
filled with helium. Since the polypropylene windows of the solution 
sample cell were permeable to helium, solutions were saturated with 
helium prior to transfer to the sample holder in order to minimize 
the formation of helium bubbles in the sample during data collection. 
The X-ray energy was calibrated by reference to the XANES spectra 
of elemental sulfur and sodium sulfate run at intervals between the 
samples. The white-line maximum of the elemental sulfur XANES 
spectrum was assigned as 2472.7 eV, corresponding to an inflection 
point of 247 1.3 eV for elemental sulfur, and a white-line maximum 
of 2482.6 eV for sulfate (FRANK et al., 1987).+ A reproducible dip in 
the incident beam intensity, corresponding to a sulfate-like material 
in the beampipe, was used to ensure accurate calibration between 
runs of the primary calibration standards. The reproducibility of the 
energy calibration, determined by comparing the spectra for model 
compounds run at different times, was better than +O. 15 eV. Selected 
models were examined on each of the three beamlines to compare 
the effects of monochromator resolution on edge features. The average 
monochromator resolution was estimated to be kO.5 eV. 

All spectra were normalized and placed on a quasi-absolute ab- 
sorption scale by multiplying the data by a scale factor and adding 
a single low-order polynomial. The data in the pre-edge (2400-2462 
eV) and post-edge (2540-2810 eV) regions were constrained to fit 
tabulated X-ray absorption cross sections (MCMASTER et al., 1969). 
Normalized fluorescence spectra were then corrected for the line- 
broadening and attenuating effects of self-absorption using a general 
expression for fluorescence intensity as a function of sample elemental 
composition, incident X-ray intensity, and sample thickness. 

Since the self-absorption phenomenon (see below) can be described 
quantitatively (GOULON et al., 1982) as a function of atomic con- 
centrations, it should be possible to develop a procedure for deter- 
mining the true absorption spectrum which, when subjected to self- 
absorption, gives rise to an observed spectrum. Our correction pro- 
cedure and the tests of its validity have been described elsewhere in 
detail (WALDO and PENNER-HAHN, 1991). Briefly, the procedure 
involves writing a set of equations, pexp (E) = 9(C, E) P,,.,,~ (E), where 
kxr, is the normalized measured spectrum, pLuue is the true absorption, 
and 9 is the self-absorption function which depends on energy, E, 
and sample composition, C. This set of equations is inverted to solve 
for ptic (E). 

The corrected spectra were fitted with linear combinations of model 
compounds using a non-linear least-squares procedure. Unknown 
spectra were fit over the range 2465-2485 eV, a region which contains 
the white-line maxima for all of the models (elemental sulfur = 2472.7 



804 G. S. Waldo et al 

eV; sulfate = 2482.6 eV). The adjustable parameters for each model 
spectrum were a scaling factor and an optional energy offset. Ideally, 
the energy offset would not be required. However, several factors can 
lead to variations in the energy of the sulfur Is + 3p white-line 
maximum for chemically similar samples. These include the ?O. 15 
eV uncertainty of the energy calibration, solvent shift effects (+0.2 
eV), and inductive effects (ca. +0.3 eV) (see below). If a small energy 
offset is not included in the fitting, large uncertainties are introduced 
in the quantitation, especially for quantitation of low concentration 
species. The magnitude of the energy offset for the major components 
was within the uncertainty of the calibration. 

RESULTS AND DISCUSSION 

Quantitative Analysis of XANES Spectra 

A high degree of correlation has been observed between 

sulfur oxidation state and the energy of the white-line (FRANK 

et al., 1987). We have enlarged this series to include sulfur 
compounds found in petroleums. Figure 1 illustrates the 
variation in white-line energy for each of the classes of sulfur 

model compounds considered in this study. Since energies 
can be determined with an uncertainty of ca. +O. 15 eV but 

differ by nearly 10 eV for different sulfur compounds, it is 
clear that sulfur XANES spectroscopy has great potential for 
determining sulfur speciation. The sulfoxy classes are well 

separated--the formal oxidation state of the sulfur increases 
by two with the addition of each 0x0 group. Although similar 
in formal oxidation states, thiophenes are readily distin- 
guished from sulfides and disulfides on the basis of the po- 
sition of white-line maxima alone. However, variations in 
electron density (as indicated by the white-line energy) for 
sulfur, sulfides, and disulfides are not as great as for the ar- 
omatic and sulfoxy compounds. For example, elemental sul- 
fur and benzyl disulfide cannot be distinguished on the basis 
of edge energy alone. In addition, there is considerable overlap 

of the sulfur white-line maxima for the sulfide and disulfide 
classes. 

When fluorescence excitation spectra are used to measure 
absorption for thick, concentrated samples (as was the case 
for many of the samples), the spectra are severely distorted 

-21 
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FIG. 1. Plot of sulfur K-edge X-ray absorption white-line maxima 
(eV) vs. oxidation state for selected models: (1) elemental sulfur: (7) 
benzyl sulfoxide: (8) phenvl sulfoxide: (9) dibenzothioohene sulfone: 
(1 I) cysteic acid; (ii) sulkate. Data were fitted with a least-squares 
line (r = 0.99). Oxidation state assignments are given in Table 1. The 
range of white-line maxima for the alkyl disulfide, alkyl sulfide, and 
thiophene models and their apparent oxidation states (from the best- 
fit line) are indicated by the cross-hatched region. 

2465 2469 2413 2477 2481 248.5 

Energy (eV) 

FIG. 2. Effect of self-absorption on sulfur XANES spectra. (top) 
Sulfur XANES spectra measured for a petroleum containing 8.0 wt% 
sulfur (short dash) and the same sample diluted in o-xylene to 2.8 
wt’% sulfur (long dash) and 0.28 wt% sulfur (solid). The severe atten- 
uation due to self-absorption is apparent. (bottom) The same spectra 
as in (top) after correction for self-absorption as described in text. 

due to self-absorption. Figure 2 (top) shows that both the 
widths and the relative heights of the XANES features are 
dependent on concentration. The normal response to this 
problem is either to use transmission mode for data collection 
or to dilute the sample to the point that self-absorption is 
negligible. The former is impractical for low energy studies 
(e.g., sulfur K-edge) since samples typically cannot be made 
sufficiently thin (ca. 1- 10 pm for concentrated samples). The 
latter gives an inevitable decrease in signal/noise ratio. More- 
over, dilution can be difficult or impossible for insoluble 

samples. Although good results have been obtained by di- 
luting solid samples in a non-absorbing matrix (e.g., boron 
nitride) (GEORGE and GORBATY, 1989; FRANK et al., 1987), 
the particle size of the analyte must be small compared to 
the absorption cross-section for sulfur in the sample in order 
to obtain undistorted spectra. 

Our goal was to use sulfur XANES spectroscopy to deter- 
mine sulfur speciation in petroleum and petroleum source 
rocks. For these samples, significant self-absorption occurs 
for thick samples if the sample has 20.3 wt% sulfur. Although 
some samples could be prepared as thin layers (t - 30 pm), 
self-absorption remains a problem ifthe sulfur concentration 
is greater than ca. 5 wt%. Although self-absorption is at most 
a minor concern in qualitative studies, it was essential that 
we correct for it in order to obtain quantitative results. As a 
test of our self-absorption correction procedure, we compared 
spectra for a concentrated sample (a heavy oil containing 8.0 
wt% sulfur) and for solutions of the oil diluted to 2.8 and 
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Table 1. Sulfur K-edge peak energies, oxidation states and areas for model 
compounds. 
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2 
3 
4 
5 
6 
7 
6 
9 

10 
11 
12 

Elemental Sulfur 2472.7 110 0.0 
Ben@ Dlsulflde 2472.9 102 0.02 
Benzyl Sulfide 2473.4 103 0.32 
!-cysteine 2473.5 97 0.42 
&methionine 2473.7 99 0152 
2-hexadecvlthioohene 2474.1 102 0.72 
Benzyl suifccdd; 2476.1 150 2.0 
Phenyl Sulfozdde 2476.2 140 2.0 
Dibenzothiophene Sulfone 2480.1 186 4.0 
Phenyl Sulfone 2460.93 2013 
Cysteic Acid 2481.2 226 5.0 
Sodium Sulfate 2462.6 239 6.0 

Peak Iev) 
Peak Oxidatio: 
Area1 State 

lXANES spectra were normalized to the atomic X-ray absorption cross s&Ion of sulfur. 
Peak areas have units of eV.cm2/g. 

20xldatlon state calculated from best fit line IF@. 1). The calculated oxidation states for 
cystelne and methlonine are consistent with those obtained previously (FRANK &a!.. 

gzhlte-kne for phenyl sulfone is strongly split. The area was obtained by flWng 
both of the e&e peaks wlth Gaussians. The energy was assigned as the weighted sum 
for the Gauss&. 

0.28 wt% sulfur in o-xylene. Conventional normalization 
yielded spectra whose edge features differed by nearly 30% 
in amplitude (Fig. 2, top). When corrected for self-absorption 
these spectra agreed to within 4% (Fig. 2, bottom). 

Resolution of Multicomponent Systems 

As noted previously, elemental sulfur, sulfides, and disul- 
fides all have similar absorption edge energies. Since all of 
these are likely to be present in geological samples, it is crucial 
to determine the quantitation uncertainties for mixtures of 
these species. Specifically, is it possible to quantitatively re- 
solve a mixture containing both sulfur and a disulfide? 

As one test of this question, the XANES spectrum of an 
o-xylene solution containing elemental sulfur (7.29 mM), 
benzyl disulfide (56.0 mM), and phenyl sulfone (5 1.8 mM), 
was fitted with linear combinations of the appropriate models. 
Two fitting protocols were employed. In the first, only the 
scaling parameters were optimized in a linear least-squares 
analysis, while in the second, both scaling and energy-offset 
parameters were varied in a non-linear least-squares fit. For 
both protocols, the absolute quantitation agreed with the ac- 
tual concentrations to within ca. 2%. 

For the scale factor-only protocol, correlation effects were 
addressed using singular value analysis. The XANES spectra 
of sulfur and benzyl disulfide show a low degree of correlation. 
Although the sulfur and disulfide 1 s + 3p peaks lie at nearly 

t A 2476 eV feature has also been reported on the high-energy side 
of the sulfur XANES spectrum of dibenzothiophene (HUFFMAN et 
al., 1990; GEORGE and GORBA-~Y, 1989). This feature could interfere 
with sulfoxide quantitation. We have measured the sulfur XANES 
spectrum for dibenzothiophene prepared to minimize self-absorption 
by grinding with boron nitride. This spectrum is very similar to that 
for 2-hexadecylthiophene. Both spectra lack the previously reported 
sharply defined structure at ca, 2476 eV, suggesting that our “sulf- 
oxide” component truly represents sulfoxide rather than simply a 
high-energy feature from the thiophene components. 

the same energy (see Fig. 1 and Table l), these species can 
still be resolved due to the structural richness of the higher- 
energy sulfur XANES. In the non-linear protocol, the offsets 
for the major components (disulfide and sulfoxide) were neg- 
ligible, as expected. The shift of the sulfur was -0.15 eV, 
also within the estimated experimental uncertainty. 

These tests demonstrate that our normalization and self- 
absorption correction protocols can be used to obtain a 
quantitative resolution of simple mixtures. Unfortunately, 
oil is not a simple mixture of a few components but instead 
contains numerous different organo-sulfur compounds. Al- 
though chemically distinct forms of sulfur can be both dis- 
tinguished and quantitated, it does not appear possible to 
resolve chemically similar components (e.g., sulfides and di- 
sulfides) in a complex, unknown mixture such as oil. 

Sulfur XANES Spectra of Petroleums 

The petroleum samples for which sulfur XANES spectra 
were measured are listed in Table 2. The majority of the 
petroleums have XANES spectra similar to that for the Wy- 
oming crude shown in Fig. 3. The principal components of 
these samples are thiophenic (2474 eV peak), with varying 
amounts ofa sulfide/disulfide-like species (2473 eV shoulder). 
Some of the low-sulfur lacustrine oils also contain a sulfoxide- 
like species (2476 eV peak).* Other exceptions include the 
high-temperature hydrous pyrolysis samples, which contain 
a species close to sulfur/disulfide in oxidation state, and the 
source rock extracts, which contain substantial sulfonic acid 
and SO:-. 

Although most of the oil samples exhibited some structure 
in the 2477-2480 eV range, and a broad peak at 2480.8 eV 
(nominally sulfone-like), no attempt was made to include 
appropriate models for this structure in the basis set. The 
higher energy peaks correspond to less than 5% of the total 
sulfur. Moreover, the inevitable presence of higher energy 
peaks arising from lower oxidation-state sulfur functional 
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I Santa Marls/Santa Barbara Monterey Fm (Marine)/Miocene' 8.00 38 60 2 
2 Santa Maria/Santa Barbara Monterey Fm (Marine)/Mioceneb 4.65 3? 57 10 
3 Santa Maria/Santa Barbara Monterey Fm (Marine)/Miocene' 3.70 31 63 6 
4 Santa Maria/Santa Barbara Monterey Fm (Marine)/Miocene" 2.22 4c 56 4 
5 Santa Maria/Santa Barbara Monterey Fm (Marine)/Miocene" 0.86 16 73 5 

Adrlatlc 

6 Katla Carbonate (Marine)' 6.2 Ll 82 8 
1 Santa Marl.3 Carbonate (Marine)' 5.5 6 88 6 
8 Rovesti Carbonate (Marine)' 2.7 7 85 8 
9' Fillentlno Carbonate (Marine)' 11.5 5 83 3 

10 Vinese Carbonate (Marine)' 7.0 LB 76 6 

11 Phosphoria Fm (Marine)/Permian' 

12 

Wyomlnq, U.S.A. 

Hamllton Dome Fd 

Middle East 

Utah, U.S.A. 

Carbonate (Marine)' 

2.60 15 78 7 

2.35 12 86 2 

13 Rozel Point Shale (Lacustrlne)/Miocene'O 13.96 36 60 4 
14 Rozel Point Shale (Lacustrine)/Miocene10 13.69 34 60 6 
15 Rozel Point Shale (Lacustrinel/Miocene" 13.47 38 59 3 
16 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.21 23 51 26 
16' Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.2i 8 55 37 
17 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.44 19 54 28 
18 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.19 19 61 20 
19 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.15 18 61 21 
19' Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.15 4 69 27 
20 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.07 12 64 25 
21 Uinta Basin GKf?l?" River Fm (Lacustrine)/Eocene" 0.31 8 72 21 
22 Uinta Basin Green River Fm (Lacustrine)/Eocene" 0.06 il 70 13 
23> Uinta Basin G!ZfZlZ" River Fm (Lacustrine)/Eocene" 0.65 30 65 5 

24 Shengll Fm Shahelie Shale (Lacustrinel/Oligocene" 0.98 22 73 

United Klnqdom 

25 North Sea Klmmerldge Shale (Marine)/Jurassic" 0.54 3 82 

26.' Slllceous Member Monterey Fm (Marlne)/Miocene" 
27:' Slllceous Member Monterey Fm (Marlne)/Miocene' 
28" Phosphatlc Member 

Phosphatic Member 
Monterey Fm (Marlne)/Miocenei 

29" Monterey Fm (Marlne)/Miocene6 

8.91 12 77 
5.25 6 89 
8.01 10 82 
5.54 8 86 

Petroleum Fractions 

30 
31 
32 
33 

Callfornla-+ 
Maltenes 
Asphaltenes 
Aromatic Fr. 
NSO Fr. 

8.79 39 60 
3.48 31 67 
8.04 25 75 
9.53 40 55 

Utah.‘ 
Maltenes 
Asphaltenes 
Aromatlc Fr. 
NSO Fr. 

Shale (Lacustrlrrej/Miocene" 
34 
35 
36 
37 

38 
33 

13.31 41 58 
14.50 34 63 
10.62 16 84 
14.23 4: 56 

'Utah" Green Rover Fm (Lacustrine)/Eocene. 

Asphaltenes 0.19 5 60 
Maltenes 0.19 12 61 

5 

9 

1; 
5 
4 
6 

2 
<l 
5 

1 
2 

‘-1 
4 

j5 
27 

TABLE 2 

XANES ANALYSES OF PETROLEUM SAMPLES, PYROLYSATES AND PETROLEUM FRACTIONS 

Sample wt 8 % % % 
NO. LocatIon or Identitv SO"rCe/ACle Sulfur' Sulfide' ThioDhene' Sulfoxide' 

California. U.S.A. 

1 
2Wt % sulfur I" whole crude 011. 
3Perce"t Of total sulfur. 
4Reservolr rock extract. 
5Sample stored for over one year without rxclusion of oxyqen. 
6G1lsonlte solid bitumen, a" Immature petro1cum (i,unt, 1979). 
,0rr. 1986. 
$oldowan et al., 1989. 
gOrr. 1974. 

LOAyres et al., 1982 
llBortz, 1984. 
l*H"nt el al., 1954. 
13Shi et al., 1982. 
14Peters et al.* 1989. 
15Heated at 300°C for 72 hours. 
16Heated at 360 C for 72 hours. 
lgPetroleum samplf No. 1. 
18Petroleum Sample NO. 15. 

Petroleum Sample NO. 18 
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FIG. 3. Sulfur XANES spectrum of a representative petroleum 
(Wyoming crude, sample 1 I, Table 2). Solid line: experimental spec- 
trum after correction for self-absorption. Principal component is 
thiophene-rich (2474 eV peak) with smaller contributions from sul- 
fidic (2473 eV shoulder) and sulfoxide (2476 eV peak) components. 
Dotted lines: optimal basis set for least-squares fitting, consisting of 
benzyl sulfide, 2-hexadecyl thiophene and benzyl sulfoxide. Dashed 
line: sum of the models. The broad feature at 2480.8 eV (sulfone- 
like) corresponds to less than ca. 5% of the total sulfur. Models for 
this feature were not included in the basis set. 

groups precludes quantitative analysis of the 2477-2480 eV 
peaks. A feature at ca. 2484 eV appears to be systematically 
enriched in the maltene aromatic hydrocarbon fraction of 
the various high-sulfur marine and Rozel Point samples. It 
is not clear what structural features may give rise to this peak. 

The optimal set of model compound spectra for modeling 
the petroleum XANES spectra was benzyl sulfide, 2-hexa- 
decylthiophene, and benzyl sulfoxide.” The energy shifts for 
the thiophene and sulfoxide models (features at 2474 and 
2476 eV, respectively) were within the uncertainty of the 
calibration. However, in the absence of energy offset param- 
eters, no single model, nor any pair of models, could be used 
to fit the 2473 eV disulfide/sulfide-like shoulder. The offset 
was typically less than 0.2 eV and was in no case greater than 
0.4 eV. This shoulder can be isolated by subtracting the thio- 
phenic component from the overall spectrum. The peak in 
this difference spectrum appears to be too narrow to arise 
from a mixture of species with different oxidation states. This 
peak lies between the highest energy disulfide (2472.8 eV) 
and lowest energy sulfide (2473.4 eV). Although it is most 
similar to the sulfide models in shape, it is slightly closer to 
the disulfide models in energy. We cannot assign this sulfide/ 
disulfide feature to a specific sulfur-containing functionality. 
However, we can exclude free elemental sulfur as the origin 
of the 2473 eV peak, since the mean square deviation in the 
fit doubles when sulfur is used in place of a sulfide/disulfide 
model. Although the magnitude of the energy offset depends 
on the model used, all of the models are shifted to the same 
final position. This confirms that the refined position of the 
peak is not an artifact, and is not influenced by correlation 

5 Other thiphenes, e.g., dibenzothiophene, have XANES spectra 
that agree with that for 2-hexadecylthiophene to within the uncertainty 
in the calibration. The latter was used as the thiophene reference 
since its spectrum was measured under conditions which minimized 
self-absorption. 

with the thiophenic model. Those models which required 
smallest offsets are probably most similar chemically to the 
oil components which give rise to the 2473 eV feature. These 
components will be referred to as sulfides in the following 
discussion. 

Although unambiguous chemical identification of the 2473 
eV peak is not possible, quantitation is still feasible since the 
different sulfide and disulfide models gave the same fraction 
for this peak (to within 10%). This simply reflects the fact 
that the area of the sulfur white-line is, in a simple one-elec- 
tron model, proportional to the number of 3p vacancies and 
thus should increase as the oxidation state increases. A plot 
of white-line area vs. peak position shows an approximately 
linear increase in the area with increasing energy (Fig. 4). In 
principle, this correlation could be used for approximate 
quantitation in the absence of a model of the appropriate 
oxidation state. Of more practical importance, however, is 
the justification this offers for basing quantitation on a chem- 
ical model which is not identical to the unknown. Models 
and unknowns with similar peak energies (i.e., similar oxi- 
dation states) are expected to have similar peak areas. This 
was confirmed by simulations in which a synthetic spectrum 
produced by summing various fractions of two or more 
models was fit using different, but chemically similar, models. 
These fits were correct to within 15% relative error. 

Sulfide-Rich vs. Thiophenic High-Sulfur Petroleums 

The high-sulfur (greater than 1.0 wt% sulfur) petroleums 
have two distinct sulfide/thiophene/sulfoxide compositional 
profiles (Fig. 5). Oils from the Santa Maria/Santa Barbara 
area of California, with total sulfur from 2.2 to 8.0 w-t% (Table 
2), all have organosulfur compositions near the sulfide comer 
of the relevant section of the XANES-derived ternary diagram 
(Fig. 5). The Rozel Point, Utah, oils, with sulfur between 13 
and 14 wt%, have sulfide/thiophene/sulfoxide compositions 
similar to the California oils. The sulfide content of both the 
Santa Maria/Santa Barbara and the Rozel Point oils is above 
30% of total sulfur and the thiophene content less than 65%. 
Although the thiophene components still dominate the or- 
ganosulfur distribution, these oils contain significantly higher 

04 r ’ J 
2412 2416 2480 2484 

Peak Maximum (eV) 

FIG. 4. Dependence of white-line peak area on peak energy. Areas 
determined by numerical integration over a 5 eV interval centered 
on the peak maximum (Table 1). Solid line is the least-squares fit of 
area as a linear function of peak energy. The area of the sulfur white- 
line feature increases with increasing sulfur oxidation state, propor- 
tional to the number of 3p vacancies. 
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FIG. 5. Organosulfur compositional differences between high-sulfur 
petroleums (sulfur content ranging from 2.35 to 13.96 wt%) shown 
by sulfur XANES analyses: (A,) California (Santa Maria/Santa Barbara 
area), (m) Utah (Rozel Point), (0) Adriatic, (6) Middle East, (+) 
Wyoming. Sample numbers (see Table 2) are listed by the data points. 
The Monterey oils (A) all have high-sulfur (greater than 1.0 wt% 
sulfur) with the exception of sample 5. Axes range from 0 to 50% (of 
total sulfur) for sulfides and sulfoxides, and from 50 to 100% (of total 
sulfur) for thiophenes. 

concentrations of sulfides. We will refer to these oils as sulfide- 
rich, high-sulfur oils in subsequent discussions. In contrast, 
the Adriatic, Wyoming (Hamilton Dome), and Middle East- 
ern high-sulfur oils (with sulfur from 2.35 to 6.2 wt%) all 
have organosulfur compositions near the thiophene corner 
in Fig. 5. Because thiophene is above 75% and sulfide below 
15% for each of these oils, we refer to them as thiophene- 
rich high-sulfur oils. 

The organosulfur compositional differences between the 
thiophene-rich and sulfide-rich high-sulfur oils appear to arise 
from differences in the early diagenesis of the sediments which 
formed the source rocks for the oils. The quantity of sulfur 
in the high-sulfur oils is too high to be derived solely from 
sulfur-containing biochemicals in the primary source organic 
matter (GRANSCH and POSTHUMA, 1974; ORR, 1986). In- 
stead, sulfiu in the high-sulfur oils must have been introduced 
either during source-rock diagenesis (SINNINGHE DAMSTE: et 
al., 1988b) or by some secondary process. Our data are con- 
sistent with an abiogenic source of the organosulfur com- 
pounds in these oils. Thus, the Santa Maria/Santa Barbara 
oils, which are sourced from marine-derived shales of the 
Miocene Monterey formation (CURIALE et al., 1985; CURIALE 
and ODERMATT, 1989; ORR, 1986), and the Rozel Point oils, 
which are sourced from lacustrine-derived shales (BORTZ, 
1984), have similar sulfide/thiophene/sulfoxide composi- 
tional profiles despite their different organic matter sources 
(marine vs. lacustrine). Rozel Point oil contains thiolanes 
(SCHMID et al., 1987; SINNINGHE DAMST~ et al., 1987) which 
would have been destroyed during microbial biodegradation 
(FEDORAK et al., 1988); therefore, it is unlikely that this is a 
severely biodegraded oil. Similarities in early diagenetic con- 
ditions appear to have resulted in high concentrations of sim- 
ilar highly reduced sulfide-rich organosulfur functional groups 

in proto-kerogens of these two source rocks. Important con- 
ditions may include the availability of olefinic groups in the 
organic matter into which sulfur is incorporated, the levels 
of dissolved sulfate, activity of sulfate-reducing bacteria (e.g., 
Desuljiwibrio) vs. hydrogen sulfide-oxidizing bacteria (e.g., 
Thiobacillus), redox conditions, and/or the availability of 
pyrite-forming Fe*+ during diagenesis. 

The sulfide-rich, high-sulfur oils were all derived from shale 
source rocks, although the Monterey Phosphatic member 
contains ca. 10% dolomite. However, both the Adriatic 
(MOLDOWAN et al., 1989) and the Middle Eastern (AYRES 
et al., 1982) thiophene-rich high-sulfur oils were derived from 
carbonate source rocks. Oils derived from carbonate source 
sequences are known to have higher average sulfur contents 
than those from elastic sequences (TISSOT and WELTE, 1984). 
Differences in the content and distribution of benzothiophene 
in the volatile fractions of oils derived from elastic vs. car- 
bonate source sequences have been reported previously 
(HUGHES, 1984). Although further studies are needed, these 
initial XANES measurements suggest that high-sulfur thio- 
phene-rich oils may be associated with carbonate sources 
whereas high-sulfur sulfide-rich oils may be associated with 
elastic sources. The Wyoming (Hamilton Dome) oil, believed 
to be sourced by the Permian Phosphoria formation, does 
not appear to fit this elastic/carbonate trend, although detrital 
elastics are very limited in the phosphoria source facies. Also, 
the Hamilton Dome oils show signs of slight biodegradation 
which could affect these results. Furthermore, other factors 
(e.g., thermal maturity) are also known to affect the total 
thiophene/sulfide ratio of crude oils (Ho et al., 1974; KOHNEN 
et al., 1990b). Future experiments will seek to determine the 
relative importance of source sequence and thermal maturity. 

Petroleum Maturation 

Petroleum is generated from source-rock formations by 
thermally induced cracking reactions over geologic time 
(TISSOT and WELTE, 1984). This catagenesis process includes 
progressive dehydrogenation (aromatization) reactions. Thus, 
the progressive dehydrogenation of petroleum biological 
markers (fossil compounds) can be used to assess crude oil 
thermal maturity (SEIFERT and MOLDOWAN, 1986). One 
biological marker conversion which has been used to gauge 
crude oil maturity is the aromatization of ring-C monoaro- 
matic steroid hydrocarbons to triaromatic steroid hydrocar- 
bons shown in Scheme 1 (MACKENZIE, 1984; MACKENZIE 
et al., 198 1; SHI et al., 1982). This biological marker reaction 
has been used successfully to model petroleum generation 

&-MA q?e-TA 

SCHEME 1. 
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processes in petroleum exploration basin modeling 
(MCKENZIE et al., 1983; BEAUMONT et al., 1985). 

Petroleum source rocks contain elemental sulfur, which is 
known to be a good dehydrogenating agent in model geo- 
chemical maturational studies (DOUGLAS and MAIR, 1965). 
Some of the products formed during sulfur-induced dehy- 
drogenation reactions are thiophene-rich molecules, sug- 
gesting that thiophene content and thermal maturity may be 
related. Therefore, we compared the thermal maturity of Ad- 
riatic crude oils and reservoir rock extracts (Table 2), mea- 
sured as the monoaromatic to triaromatic steroid hydrocar- 
bon ratios (MOLDOWAN et al., 1989), to percent thiophene 
content. This comparison, shown in Fig. 6, suggests a link 
between thermal maturity and the proportion of thiophene 
sulfur in these oils. This relationship may result from the 
conversion of more labile sulfide moieties to thiophene-con- 
mining compounds. Alternatively, the increased proportions 
of thiophene in more thermally mature crude oils may reflect 
the more refractory nature of thiophenes compared to many 
organosulfides (HO et al., 1974). Artificial maturation studies 
(below) favor the latter mechanism. 

The sulfur content of crude oils has been linked to thermal 
maturity (HO et al., 1974). Within a set of related crude oils, 
those with lower sulfur content generally show greater thermal 
maturity, as long as secondary processes (e.g., biodegradation) 
have not affected the oils. For this reason, it was of interest 
to compare the sulfide/thiophene/sulfoxide profiles of high- 
sulfur (greater than 1 .O w-t% sulfur) and low-sulfur (less than 
1.0 wt% sulfur) oils derived from the same source rock. In 
Fig. 5, sulfur XANES profiles are shown for four high-sulfur 
and one low-sulfur Monterey formation-sourced oils. 
Whereas no compositional trend is apparent between or- 
ganosulfur composition and sulfur percentages (2.2 to 8.0 
wt% sulfur, Table 2) of the high-sulfur oils, the low-sulfur oil 
(0.86 wt% sulfur, Table 2) contains a distinctly higher pro- 
portion of thiophenes than the high-sulfur crudes. Additional 
analyses are needed to determine if a general trend exists, 
however, these preliminary results provide further support 
for the postulated correlation between thermal maturity and 
thiophene content. 

Artificial Maturation Studies (Hydrous Pyrolysis) 

Generation and maturational transformations of petro- 
leum can be studied using hydrous pyrolysis experiments on 
petroleum source rocks (LEWAN, 1985). This provides an 
experimental method for directly assessing the effect of ther- 
mal maturity on crude oil organosulmr compositions. During 
both hydrous pyrolysis and natural burial maturation, the 
insoluble, particulate organic matter (kerogen) in petroleum 
source rocks is cracked to produce bitumen and expelled oil. 
In our hydrous pyrolysis experiments, bitumen is defined as 
the soluble petroleum remaining in the core chips, while ex- 
pelled oil has escaped from the chips. The Monterey source 
rock used in the hydrous pyrolysis experiments contains ker- 
ogen having a high (8- 10 wt%) organic sulfur content (PETERS 
et al., 1990). The expelled oil has been previously character- 
ized with respect to biomarker thermal maturity (PETERS et 
al., 1990). 
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Fm. 6. Relationship between the ratio of triaromatic steroids (TA) 
and monoaromatic steroids (MA) to total thiophene (percent of total 
sulfur) determined by XANES analyses of Adriatic oils and extracts. 
The ratio TA/(MA + TA) increases with petroleum thermal maturity. 
Sample numbers (see Table 2) are listed by the data points. 

We have used sulfur XANES spectroscopy to investigate 
sulfur speciation in high-sulfur Monterey source-rock hydrous 
pyrolysis products. This has allowed us to explore the effect 
of pyrolysis temperature (300 or 360°C) and source-rock 
composition (Siliceous or Phosphatic) on organosulfur com- 
position. For the samples studied, increasing thermal maturity 
results in apparent loss of sulfide and sulfoxide, and relative 
enrichment in thiophene moieties (Table 2, Fig. 7). LECO 
sulfur analysis shows that the expelled oil generated from the 
Monterey Siliceous member at 300 and 360°C contains 8.91 
and 5.26 wt% sulfur, respectively, while that generated from 
the Phosphatic member at the same temperatures contains 
8.01 and 5.54 wt% sulfur, respectively. The observation that 
the decrease in total sulfur mirrors the relative decrease in 
sulfide and sulfoxide suggests that thermal maturation causes 
selective loss of thermally labile sulfide and sulfoxide while 
the more refractory thiophene-rich sulfur species remain in- 
tact. The alternate hypothesis, that dehydrogenation reactions 
convert labile cyclic sulfide moieties into thiophene-rich 
groups, is less consistent with these data, although it is possible 
that both mechanisms contribute to the observed change in 
organosulfur distribution. 

Finally, it should be noted that the overall sulfur speciation 
in the hydrous pyrolysates (Fig. 7) does not show a close 
match to sulfur speciation in the Monterey oils (Fig. 5). The 
sulfide-like component in the pyrolysates occurs at a slightly 
(0.4 eV) lower energy than the sulfide components observed 
in any of the other oils. This may indicate an increased con- 
tribution of disulfides or polysulfides to this peak. In addition, 
the pyrolysates appear to contain too high a proportion of 
thiophenes, in comparison to that expected for Monterey 
oils. This may be due to facies differences between the source 
rocks of the Monterey oils studied to date and the organic- 
rich rock from the Bradley Lands core. Alternatively, these 
differences may indicate that the organosulfur reactions which 
occur quickly at the very high temperatures (300 and 360°C) 
used in the hydrous pyrolysis experiments do not correlate 
well with the organosulfur reactions which occur very slowly 
at the much lower temperatures found during natural source- 
rock maturation. 
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FIG. 7. Thermal maturity-related organosulfur transformations in- 
dicated by sulfur XANES analyses of oils generated by hydrous py- 
rolysis of Monterey Formation, California, source rock (Bradley Lands 
No. 5-74. Santa Maria Vallev). (al Siliceous member (54 19-5425 ft.). 
sample 26 heated 72 h at 306°C: sample 27 heated 72 h at 360”d. 
(b) Phosphatic member (5649-5655 ft.), sample 28 heated 72 h at 
3OO”C, sample 29 heated 72 h at 360°C. Sample numbers (see Table 
2) are listed adjacent to data points. 

Organosulfur Compounds of Crude Oil Fractions 

Petroleum asphaltenes are a solubility class, with the as- 
phaltene fraction of a crude oil defined as that material which 
precipitates from the oil when an excess (usually 40-fold by 
volume) of a light n-paraffin hydrocarbon such as n-pentane, 
n-hexane, or n-heptane is added to the oil (SPEIGHT, 1980). 
The portion of oil that remains in solution is termed the 
maltene fraction or deasphalted oil. Asphaltenes and maltenes 
are thus not well-defined compositional classes, although as- 
phaltenes tend to contain more high molecular weight and/ 
or highly polar compounds (B~DUSZYNSKI, 1987). Geo- 
chemical studies show many compositional similarities be- 
tween the asphaltene fraction and the source-rock kerogen 
from which the oil was generated, suggesting that asphaltenes 
may represent intermediates in the conversion of kerogen to 
crude oil hydrocarbon fractions. 

A recent report (GEORGE and GORBATY, 1989) demon- 
strated the application of sulfur XANES spectroscopy to the 
direct analysis of the organosulfur composition of petroleum 
asphaltene fractions. These authors demonstrated that there 
can be significant differences in the thiophene content of as- 
phaltene fractions. We have extended this approach to in- 
vestigate a series of asphaltenes of well-defined geochemical 
origin and have attempted to quantitate the sulfur compo- 
sition of these samples. 

We have studied the asphaltene and maltene fractions, and 
the liquid chromatographic (LC) fractions derived from the 
maltenes, for three crude oils. The compositional profiles for 
two of the crude oils (Rozel Point, Sample No. 15, and Santa 
Maria/Santa Barbara, Sample No. 1) are given in Table 2. 
The fractions from the third crude oil (Uinta Basin, Sample 
No. 18) showed evidence of autooxidation (see below). 

Both samples 1 and 15 are sulfide-rich, high-sulfur oils. 
They are, however, derived from significantly different 

sources-marine shale source rock for the Santa Maria/Santa 
Barbara oil and lacustrine shale source rock for the Rozel 
Point oil. Both oils are believed to be of low thermal maturity. 
The presence of 2,5-dialkyl thiolanes in the Rozel Point oil 
(SCHMID et al., 1987; SINNINGHE DAMST~ et al., 1987) in- 
dicates that biodegradation was not the major factor which 
resulted in the high asphaltene content of this oil, since dialkyl 
thiolanes are removed during biodegradation (FEDORAK et 

al., 1988). 

Both oils show a similar trend in asphaltene/maltene or- 
ganosulfur compositions. The asphaltene fractions have 
higher relative thiophene content, and the maltene fractions 
have higher relative sulfide content. Within the maltenes, the 
polar LC fraction has the highest relative sulfide content of 
any of the fractions, while the aromatic LC fraction exhibits 
the highest relative thiophene content; this is consistent with 
the findings of SINNINGHE DAMST!? et al., (1990). The aro- 
matic fraction of the Rozel Point oil has a significantly higher 
proportion of thiophenes than that of the Santa Maria/Santa 
Barbara oil; however, it is difficult to assess the significance 
of this, given the limited size of our survey. Although extensive 
chemical investigations have been reported on the organo- 
sulfur composition of the volatile fractions of Rozel Point 
oil (SCHMID, 1986; SCHMID et al., 1987; SINNINGHE DAMST~~ 
and DE LEEUW, 1987; SINNINGHE DAMST!? et al., 1987, 
1989b), our data provide the first total sulfide/thiophene/ 
sulfoxide analyses of the whole oil and various fractions. Ad- 
ditional measurements will be required to determine whether 
their otganosulfur distributions are typical of sulfide-rich high- 
sulfur oils. 

Autooxidation of Petroleum Organosulfur Compounds 

Most of the oils showed a low (less than 10% of the total 
sulfur) proportion of sulfoxide-containing components. We 
were therefore surprised that a series of light (Green River 
formation-sourced) low-sulfur oils from the Uinta Basin 

50% Sulfoxide 

50% 100% 
Sllifide Thiophene 

FIG. 8. Autooxidation of organosulfur species in Red Wash Field, 
Utah, crude oils shown by sulfur XANES analysis. Time-dependent 
oxidation of organosulfur species in oils during storage; oils No. 16 
and 19 (see Table 2) were analyzed in June 1986 and again ( 16’ and 
19’) in December 1987. 



Sulfur speciation in heavy petroleums 811 

50% Sulfoxide 

50% 100% 
Sulfide Thiophene 

FIG. 9. Compilation of sulfur XANES petroleum analyses showing 
three tentative groupings: (A) sulfide-rich low and high sulfur oils: 
(+) Red Wash field (auto oxidized oils): (m) low sulfur conventional 
oils; and (0) high sulfur thiophene-rich oils. Numbers by the data 
points are sample numbers listed in Table 2. 

showed high proportions of sulfoxide moieties (Table 2). 
However, we found that when analyses were repeated fol- 
lowing a year of storage without measures to exclude atmo- 
spheric oxygen, the proportion of sulfoxide increased signif- 
icantly, as shown in Fig. 8. The rise in sulfoxide was accom- 
panied by a proportional drop in sulfide content, suggesting 
that autooxidation has resulted in the conversion of some 
sulfide components to sulfoxides. This conclusion is rein- 
forced by analysis of the asphaltene/maltene fractions for 
one of these oils (Sample No. 18, Table 2). The sulfoxide 
content in both of the fractions is higher than the sulfoxide 
content of the whole oil. This is presumably due to autoox- 
idation of organosulfides in the crude during the asphaltenef 
maltene fractionation procedure. 

These findings support previous reports (OKUNO et al., 
1967) of sulfoxide generation in crude oils during storage via 
autooxidation. However, we did not see analogous sulfoxide 
increases in other oils used which were stored for similar 
lengths of time under identical conditions. It appears, there- 
fore, that only certain oils are readily susceptible to significant 
autooxidative degradation. This may be due to differences 
in the lability of the sulfide components, differences in the 
availability of organometallic compounds to act as oxidation 
catalysts, the presence of agents which inhibit autooxidation, 
or some combination of these factors. 

which other petroleums conform to this grouping will be the 
goal of future studies. 

CONCLUSIONS 

With appropriate normalization and self-absorption cor- 
rection, sulfur XANES spectra can be used to determine 
the quantitative distribution of sulfur-containing com- 
pounds in petroleums and related materials. Although dif- 
ferent compounds cannot be resolved, it is straightforward 
to distinguish between chemical classes. The exceptions 
are sulfides and polysulfides, which cannot be resolved. 
High-sulfur (greater than 1 .O wt% sulfur) petroleums show 
distinct sulfur compositional profiles identified as sulfide- 
rich (>30% sulfide, ~65% thiophene) or thiophene-rich 
(c 15% sulfide, >75% thiophene). These compositional dif- 
ferences appear to be associated with elastic (sulfide-rich) 
or carbonate (thiophene-rich) sources, respectively. 
For petroleums derived from similar source rocks, higher 
thiophene content appears to be associated with greater 
thermal maturity. This holds for thermal maturities judged 
either by steroid biomarkers or by total sulfur content. 
The thiophene contents found for hydrous pyrolysis sam- 
ples support the last point. Sulfur quantitation for the hy- 
drous pyrolysis samples suggests that thiophene enrichment 
results from the selective loss or more labile sulfide and 
disulfide components during thermal maturation. 
Fractionation results in selective enrichment of sulfur 
compounds, in a manner consistent with the expected sol- 
ubilities. Asphaltenes and aromatic maltenes are enriched 
in thiophenes. Polar maltenes are enriched in sulfide/di- 
sulfide compounds. 
Some petroleums show evidence for slow autooxidation of 
sulfide-like components to sulfoxides. 

l Comparison of the whole oil sulfur composition profiles 
for all of the samples suggests that XANES will provide a 
useful method for distinguishing different petroleums. 
Further studies are necessary to confirm the generalitv of 
the observed compositional differences. 
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Whole Oil Sulfur XANES Analyses 
Editorial handling: J. Rullkotter 

Data from all of the whole oil samples in this study are 
summarized in Fig. 9. The data fall into three groups. The 
sulfide-rich oils include the high-sulfur Santa Maria/Santa 
Barbara and Rozel Point oils, and the low-sulfur highly im- 
mature petroleum or solid bitumen, gilsonite (HUNT, 1979), 
also referred to as uintaite. The Uinta Basin oils fall into a 
second group of oxidized (or at least oxidizable) oils with 
sulfoxide contents generally above 20% of total sulfur. The 
third group includes the thiophene-rich high-sulfur oils and 
conventional low-sulfur oils. Determination of the extent to 
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