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Abstract

Analysis of solid bitumens from the Tengiz Field, Kazakhstan by X-ray photoelectron spectroscopy provides evidence
for a new reservoir alteration process — reactive polar precipitation via the formation of ether cross-linkages. Solid bitumens,
which may occupy >30% of the pore space, were analyzed in situ and as isolated concentrates of the material in vein/frac-
ture-fills or encapsulated within micropores. Their compositions were found to vary greatly, particularly in the amounts of
aromatic carbon and in the organic oxygen mostly present in C-O single bond environments. While most solid bitumen in
Tengiz reservoir rocks arose from asphaltene precipitates, surfaces are coated with a relatively aliphatic- and oxygen-rich
material. Organic sulfur occurs exclusively in aromatic sulfur environments in most samples, while nitrogen is in pyrrolic
and pyridinic environments. To account for the average organic composition of solid bitumen, we propose that the coatings
are formed by condensation of low-molecular weight polar compounds that are normally soluble in most oils. A likely reac-
tion mechanism involves free radicals, produced by thermally labile non-aromatic sulfur (-SH) forms, reacting with hydrox-
yls. This reaction results in a release of H,S and the formation of compounds with at least one ether-linkage and multiple
heteroatoms within the aromatic cores. Similar reactions are believed to convert the reactive polar precipitate and previously
precipitated asphaltenes into toluene-insoluble bitumens. This hypothesis explains the chemical nature of the solid bitu-
mens, accounts for previously reported anomalies in reflectance, and is fully consistent with current geohistory models.
Whether this reservoir alteration process occurs outside of the North Caspian Basin is not known, but we suspect that
the process occurs elsewhere. Thin coatings of polar precipitates, which may be undetectable by conventional optical
microscopy, could have significant impact on reservoir properties, such as surface wetability or mineral diagenesis.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Solid bitumens are viscous or solid petroleum
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face conditions and resist reservoir remediation
efforts. Solid bitumens have been described in oil
fields worldwide and their presence can have detri-
mental effects on production (Lomando, 1992).
Solid bitumens reduce porosity and permeability
of reservoir rocks by filling or lining pore spaces
and by restricting and closing pore throats. Their
occurrence can cause significant reservoir heteroge-
neity and wetability inversions that negate effective
response to stimulation practices (Patel et al.,
1987). Although solid bitumen behaves as cement,
neutron logs record this immobile organic matter
as porosity and resistivity logs record it as conven-
tional oil pay, complicating estimates of recoverable
reserves.

Solid bitumens can form from a variety of pro-
cesses (Curiale, 1986; Peters et al., 2004). Pyrobitu-
mens are highly aromatic residues that form via
thermal cracking of hydrocarbons ( = 170 °C) or
by oxidative processes associated with thermochem-
ical sulfate reduction ( = 140 °C). Solid bitumens
also may arise from several low-temperature pro-
cesses. Severe biodegradation can alter oil to form
viscous tars that may not flow under reservoir con-
ditions. Asphaltenes may precipitate from crude oils
by the addition of light hydrocarbons or by depres-
surization of the reservoir. These low-temperature
organic solids may be further altered by sulfur-
incorporation (vulcanization) or by subsequent
thermal annealing.

The bulk of the Tengiz reservoir organic solids
clearly arose from precipitated asphaltenes, though
the manner of their alteration from asphaltenes to
solid residues remains in question (Warner et al.,
1999; Pottorf et al., 2003). We present evidence for
a novel mechanism for the formation of thin coat-
ings of solid bitumens that exist on surfaces of Ten-
giz reservoir rocks and asphaltic solid bitumen cores
via the precipitation of low molecular-weight polar
compounds after the formation of ether cross-link-
ages under reservoir conditions (<120 °C). These
reactions produce organic solids on organic or min-
eral surfaces that are chemically distinct from
asphaltene precipitates and pyrobitumens. Such
reactions appear to be responsible for the conver-
sion of precipitated asphaltenes into insoluble
residues.

1.1. Geologic setting

Samples used in this study are from well cores from
the Tengiz Field, North Caspian Basin, Kazakhstan—

a supergiant field with ~6-9 billion bbl of estimated
recoverable oil reserves (Effimoff, 2001). Tengiz is
one of several isolated carbonate buildups with Devo-
nian — Carboniferous reservoirs in the larger Primor-
skoye uplift. Tengiz Field comprises a relatively flat
platform interior, a structural high that rims the plat-
form, and a flank facies that developed downslope of
the platform (Lisovsky et al., 1992). This carbonate
buildup resembles modern day constructional car-
bonate platforms, such as the Caribbean Andros
Island platform, in size and shape. North Caspian
buildups are distinct in they typically have several
kilometers of prograding Serpukhovian (lower Car-
boniferous) platform facies that contain microbial
boundstones and associated debris-flow facies (James
et al., 2003; Weber et al., 2004).

Three reservoir units are defined in Tengiz that
correspond to a sequence stratigraphic framework
(Harris et al., 2000; James et al., 2003; Weber
et al., 2004) (Fig. 1). The lowermost, Unit 3, is a
broad Late Devonian carbonate platform. Unit 2,
the middle ~600 m of the reservoir, represents punc-
tuated backsteps during the Tournaisian and Viséan
stages. Carbonate deposition was interrupted by
volcanics during the mid-Viséan time; and, when
resumed, formed Unit 1, the upper ~450 m of reser-
voir. This unit is characterized by platform progra-
dation during the Serpukhovian, with growth
terminated by platform drowning during the Early
Bashkirian. The structure is overlain by a thin layer
of Artinskian shale and a thick layer of Kungurian
evaporites that provide effective seals.

Hydrocarbons are produced mainly from the
Unit 1 platform carbonates, which consists of cyclic
deposits of grainstones and packstones that some-
times are capped by thin, low-porosity beds (Harris
et al., 2001; James et al., 2003). The cycles are <5 m
thick in the Bashkirian (top-most ~100 m) and up
to 30 m thick in the Serpukhovian and Late Viséan
intervals. Porosity can be highly variable within each
cycle and includes inter-particle, vuggy, moldic, and
some fracture porosity. In the platform rim and
flanks, microbial boundstones form thick reservoir
rocks consisting of either in-place upper slope or
transported lower-slope debris deposits (Harris and
Warner, 2001; James et al., 2003; Weber et al.,
2004). Unit 2 consists of grainstones and packstones
that have local porosity, but diminish in reservoir
quality with depth. Unit 3 consists of Devonian car-
bonates that underlie the central platform.

Organic-rich facies of the Devonian Domanik
Formation and basinal Carboniferous carbonates



410 C.C. Walters et al. | Organic Geochemistry 37 (2006) 408-427

Top Reservoir
Depth Structure

4000 77

4500 -

5000 -

5500 -

6000

Fig. 1. The structure of Tengiz and Korolev Fields is illustrated in 3D-perspective by a depth map to the top of the Carboniferous
Bashkarian. Tengiz consists of a relatively flat platform interior, a topographic high that rims the platform, and the flanks that consist
mostly of debris slope deposits. The field is defined by three production units which are illustrated in the cut through of the platform.
Locations and depth penetrations of the T-8 and T-5056 wells, which provided the solid bitumen samples used in this study, are shown.

are considered to be the main source rocks for
hydrocarbons in Tengiz (Lisovsky et al., 1992; Scho-
ellkopf and Hallager, 1998). The paragenetic
sequence of carbonate deposition, dissolution, bitu-
men formation, sparry calcite cementation, and late
dolomitization indicates a complex geohistory of
hydrocarbon entrapment and leakage and mineral
diagenesis. Several geohistory models have been
proposed that attempt to account for these observa-
tions (Hallager et al., 1997; Schoellkopf and Hal-
lager, 1998; Warner et al., 1999; Anissimov et al.,
2000). The current consensus is that Tengiz was
charged initially with asphaltene-bearing oil ~200—
165 Ma ago. Seal failure from ~165 to 125 Ma
resulted in depressurization of the reservoir with
brines re-saturating most of the stratigraphic units.
Re-establishment of the seal at ~125 Ma allowed
for a second hydrocarbon charge and a latter addi-
tion of H,S generated by thermochemical sulfate
reduction of basinal, offstructure hydrocarbons.

1.2. Solid bitumens at Tengiz Field

Solid bitumen is common throughout Tengiz
Field, though its abundance varies with stratigraphy
and location, and is most abundant in the shallow-
est Bashkirian and Serpukhovian reservoir intervals
and in the platform rim where it may occupy >30%
of the available porosity. Solid bitumen occurs as
coatings on carbonate grains, as linings in micro-
pores, and as void fills within large pores (Hwang
et al., 1998). A close relationship between fractures
and elevated bitumen levels is observed, particularly
in thin sections from wells penetrating elevated plat-
form rim and flank facies (Pottorf et al., 2003).

Tengiz solid bitumen originated from secondary
organic matter that was once mobile. Bitumen in
macropores may exhibit meniscus-like surfaces and
display medium to coarse-grained microtexture with
anisotropic character indicating that they are
derived from an asphaltene-rich precursor (Tver-
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dova et al., 1991; Hwang et al., 1998). Fluid inclu-
sion analysis indicates that some asphaltene precip-
itation resulted from reservoir depressurization
(Tseng and Pottorf, 2003). Alternatively, asphaltene
precipitation could have resulted from the mixing of
incompatible petroleum fluids and gases. Both pro-
cesses concentrated asphaltene precipitates in areas
of enhanced fluid flow, which accounts for the com-
mon occurrence of fractures filled with solid bitu-
men. Microbial boundstones that formed in
Tengiz rim and flank facies are prone to fracturing,
facilitating the vertical migration of hydrocarbons.
Multiple pore volumes of hydrocarbons are thought
to have moved through areas of Tengiz along major
migration pathways at times of peak hydrocarbon
migration. This increases the risk of porosity occlu-
sion by solid bitumens along these pathways. In
contrast with the Tengiz margin, the platform inte-
rior has a smaller volume of solid bitumen that
tends to concentrate near the base of depositional
cycles, possibly due to gravitational settling of
asphaltenes. Asphaltenes converted to solid bitu-
mens via thermal alteration under elevated, hydro-
thermal (Karpov et al., 1985; Schoellkopf and
Hallager, 1998; Warner et al., 1999) or normal res-
ervoir temperatures (Pottorf et al., 2003; Tseng
and Pottorf, 2003). We propose that, in addition
to thermal alteration, an alternative mechanism is
partially responsible for converting asphaltenes to
solid bitumens at Tengiz and for precipitating reac-
tive polar compounds that form naphthenic-rich
solid residues.

2. Experimental
2.1. Solid bitumen samples and sample preparation

Solid bitumens analyzed in this study are from
core samples taken from the T-8 and T-5056 wells
located along the northern portion of the Tengiz
platform rim (Fig. 1). Samples from the T-8 are
restricted to Bashkirian (Late Mississippian) to Late
Viséan (Early Pennsylvanian) Unit 1 reservoir. Sam-
ples from the T-5056 well include this range and
extend into older early Viséan to Tournaisian (Mid-
dle to Early Mississippian) Unit 2 and Famennian
(Late Devonian) Unit 3 reservoirs (Fig. 2). These
wells are in are the rim facies of the field where solid
bitumens are particularly abundant, typically filling
10-20% of the pore space.

Two types of solid bitumens were separated from
these samples. Macroscopic solid bitumens filling

fractures or coating carbonate minerals could be
analyzed in situ, or as easily isolated, homogenized
solids removed from the rock. The second type of
solid bitumen fills micropores and appears to be
totally encapsulated by the carbonate matrix. We
developed three sample preparations to provide
samples suitable for analysis by X-ray photoelec-
tron spectroscopy (XPS). These are designated in
the text as “‘small spot”, “vein-fill”’, or “encapsu-
lated”. We avoided the use of strong acids, which
are used routinely to dissolve carbonate minerals,
in order to eliminate potential chemical alteration
of the bitumen. Care was taken in all procedures
to minimize air exposure to avoid surface oxidation.

2.1.1. Small spot (110 um/slot)

For the small-spot analysis, freshly chipped por-
tions of core (~1-2 mm in diameter) were prepared,
revealing fresh surfaces of solid bitumen that occur
primarily in fractures and vein-fills. These samples
were mounted directly on a sample holder and
placed into the vacuum chamber without further
preparation. Surfaces were then scanned optically
for solid bitumen particles ~500 pum or more in
diameter that were deemed suitable areas for col-
lecting data. A 110 pm spot size or a slot analysis
(an ellipsoidal ~400 um region) was used as the ana-
lyzer acceptance area depending on the required
spatial resolution. Analyses of several individual
solid bitumen occurrences from within the same
sample are possible.

2.1.2. Vein-fill

Core samples were lightly fractured into small
grains using vise-grips with approximately 1 mm
opening. The process dislodged many of the carbo-
naceous flecks that were usually associated with
fractures. The flecks were placed within a small vial
filled with toluene that, when agitated, resulted in a
suspension of small (<10 pm) carbonaceous and
inorganic particles. Following agitation and settling
of the larger carbonate particles after few seconds,
toluene with the suspended fines was drawn off with
a bulb pipette and transferred to a small mortar.
The solvent was allowed to evaporate from the mor-
tar and the residue was ground, producing a
homogenized composite of solid bitumen from lar-
ger veins and fracture surfaces. These samples were
sufficiently enriched to obtain high-quality XPS
data from the carbonaceous material, composed
mostly of insoluble solid bitumen with only trace
amounts of solubilized hydrocarbons.
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Fig. 2. Stratigraphic column and solid bitumen sample depths from the T-8 and T-5056 wells.

2.1.3. Encapsulated

To recover and enrich bitumen from micropores,
a carbonate core sample was lightly crushed and
sorted by size. Grains that appeared to have solid
bitumen encapsulated within the calcite matrix from
the >100 mesh (~74 pm) to <200 (~149 um) mesh
sieve fraction were selected manually with tweezers.
These grains were then finely ground (<3 pm) using
a Wig-L-bug™ grinding apparatus to expose the
solid bitumen, producing a light gray calcite-solid
bitumen powder. Samples were analyzed with no
additional treatment.

2.2. X-ray photoelectron spectroscopy (XPS)

XPS analyses were conducted using a Kratos Axis
Ultra system equipped with a monochromatic Al Ko
radiation source and automatic charge neutraliza-
tion (Fig. 3). Solid bitumen samples were mounted

on a metallic sample nub using Scotch double-sided
non-conducting tape. An energy correction was
made to account for sample charging based on the
carbon (1s) peak at 285.0 eV. Survey spectra were
obtained at a pass energy of 160 eV with a step size
of 500 meV. Survey spectra are suitable to determine
total elemental composition, but generally do not
allow sufficient resolution to determine chemical spe-
ciation and/or oxidation state of individual elements.
High-resolution spectra were obtained for selected
elements using an analyzer pass energy of 40 eV
and an energy step size of 100 meV. Under these con-
ditions the full width at half maximum of a paraffin
wax standard sample was ~1.1 eV. These spectra
can be curve-resolved into a series of peaks, each of
which represents a different chemical environment.
The element’s oxidation state and the nature of its
bonds with other elements influence the energy posi-
tion of each peak. The curve resolved peaks can be
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Fig. 3. C, S, N, O, and Ca high-resolution survey XPS spectra for a representative vein-fill sample.

related to specific chemical speciations based on
comparisons of the chemical energy shifts with stan-
dard compounds and materials.

Resolution of the carbon (1s) spectra followed
the method of (Kelemen and Kwiatek, 1995). Five
chemical environments of organic carbon are identi-
fied: (1) aromatic and aliphatic carbon, (2) carbon
bound to oxygen by a single bond (i.c., ethers and
hydroxyls), (3) carbon bound to oxygen by two
bonds (i.e., carbonyl), (4) carbon bound to oxygen
by three bonds (i.e., carboxyl), and (5) beta carbon
defined as carbon adjacent to carboxyl carbon or
carbon bound to nitrogen (i.e., pyrrolic or pyridi-
nic). Carbonate carbon appears as a distinct peak
at 290.5 eV. The relative amount of aromatic car-
bon was determined by following the method of
Kelemen et al. (1993) from the calibrated intensity
of the m — m* signal intensity.

Resolution of the nitrogen (1s) spectra followed
the method of Kelemen et al. (1994, 1999, 2002).
Two chemical environments are identified: (1)
pyridinic nitrogen, and (2) pyrrolic nitrogen. Reso-
lution of the sulfur (2p) spectra followed the method
of Kelemen et al. (1990). Four chemical environ-
ments are found at energy positions consistent with:
(1) non-aromatic (i.e., sulfidic) sulfur, (2) aromatic
sulfur (i.e., thiophenic, arylsulfide), (3) sulfite
(SO3), and (4) sulfate (SOy).

Each oxygen (1s) spectrum was curve-resolved
using three peaks at 531.5eV (inorganic oxygen),
532.5eV (organic oxygen) and 533.5eV (organic
oxygen) having a mixed Gaussian—Lorentzian line
shape and a peak width at half-maximum of 1.6
(£0.2) eV for each peak. The dominance of carbon-
ate oxygen in some samples prevents quantitative
curve resolution of other components. In samples
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with minimal carbonate interference, organic oxygen
spectra were consistent with the carbon (1s) spectra
and indicate that carbon—oxygen single-bond species
are the only chemical environment found for organic
oxygen in almost all Tengiz samples. Each calcium
(2p) spectrum was curve-resolved into 2pz;, and
2p1/» components. All calcium XPS spectra are con-
sistent with calcium carbonate.

A complete discussion of XPS precision and
reproducibility is beyond the scope of this paper,
but is covered in the references listed above. The
large disparity in some values between samples that
appear to be duplicates (i.e., same well/same depth)
is real as these samples represent different spatially
resolved analyses from the same core sample. As
such, they are as unique from each other as are sam-
ples from different depths and wells.

3. XPS results
3.1. Survey spectral analysis

Elemental data from a rapid survey scan are
listed in Tables la and 1b for samples from the

T-8 and T-5056 wells, respectively. The spectra
obtained from the Tengiz samples are typically mix-
tures of solid bitumen and calcite, with minor
amounts of trace minerals such as anhydrite, dolo-
mite, clays, and halite.

3.2. High-resolution spectral analysis

High-resolution spectra were obtained for car-
bon on all samples and on other elements for
selected samples (Tables 2a and 2b). The organic
carbon is mostly associated with aliphatic and aro-
matic hydrocarbon bonds. Few or no carbonyl or
carboxyl groups are present, but a significant num-
ber of C-O bonds (e.g., ethers and furans) are
revealed. Beta carbon is not well defined in encap-
sulated samples and is included with the main 1s
carbon. Organic sulfur was found to be bound
exclusively as aromatic sulfur (i.e., thiophenic,
arylsufides) for nearly all samples. The proportion
of organic sulfur to sulfate was highly variable
with sulfate accounting for up to 98% of the
observed sulfur. This is true not only for ground
samples where anhydrite was included, but also

Table la

Elemental survey scans

Depth (m) Prep/anal. N (¢} S Si Al Ca Mg Na Cl
3961.8 Vein-fill 1.0 21.2 0.7 0.8 0 5.6 0 0 0
3961.8 Slot 0.4 80.2 1.7 0 0 22.4 0 1.1 0.2
3961.8 Encapsulated 1.1 78.9 1.3 0.5 0 23.0 0 0 0.6
3961.8 Encapsulated 1.1 59.3 1.7 0 0 17.6 0 0 0
3972 Vein-fill 0.9 35.8 1.8 0.2 0 0 0 0 0
3972 Slot 0.8 24.9 1.1 0.6 0 38 0.3 0.4 0
3972 Encapsulated 1.1 66.4 1.9 0 0 19.6 0 0 0.3
3977 Vein-fill 0.5 40.0 1.5 0.4 0 114 0.1 0 0
3977 Slot 1.0 67.4 24 0.4 0 17.9 0.7 0.7 0
3983.5 Slot 5.0 48.2 2.1 0 0 125 0.2 0.5 0
3983.5 Slot 0.4 65.3 1.9 0.2 0 18.3 0 1 0
3983.5 Encapsulated 0.6 73.3 1.8 0 0 214 0 0 0.4
4016.5 Slot 33 23.6 0.5 1.4 0 1.6 0.4 0.1 0
4016.5 Encapsulated 0.4 93.5 1.3 0.3 0 28.2 0 0 0.6
4044.5 Slot 0.6 23.5 0.8 1.2 0 0 0 0.4 0
4044.5 Slot 0.3 18.8 1.1 0.4 0 1.7 1.2 0.2 3.6
4044.5 Encapsulated 0.5 86.0 1.3 0 0 17.8 9.3 0 0.5
4056.75 Encapsulated 0.8 65.3 1.6 0 0 194 0 0 0.4
4056.75 Slot 1.4 22.4 1.8 0.7 0 9.5 0.2 0.2 0
4123 Slot 1.6 66.6 1.8 0.7 0.2 0 0.2 1.1 0
4123 Encapsulated 0.4 70.1 14 0 0 20.1 0.6 0 0.4
4137 Slot 1.1 53.4 1.3 0.7 0 13.0 0.8 0.6 0
4157.77 Slot 1.4 249 1.3 0.1 0 7.0 0 0 0
4186 Vein-fill 0.5 37.0 1.1 0.3 0 104 0.4 0.1 0
4186 Slot 1.2 50.7 1.6 0.4 0 12.6 1.1 0 0
4328 Vein-fill 0.4 17.8 0.6 0.5 0 5.0 0 0 0
4328 Slot 1.1 39.5 1.0 0.6 0 10.9 0.2 0.4 0

T-8 well samples atoms per 100 carbon atoms.
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Table 1b

Elemental survey scans

Depth (m) Prep/anal. N (6] S Si Al Ca Mg Na Cl
3913.26 Vein-fill 14 30.9 1.6 0.3 0 8.9 0 0 0.3
3913.26 Slot 2.9 3.8 2.3 0.5 0 10.1 0 0 0
3957.77 110 pm 1.8 66.4 1.1 0.2 0 0 0 0.5 0
3957.77 Slot 2.5 76.4 14 0 0 24.2 0 0.6 0.3
3995.08 110 pm 0.7 433 0.8 1.4 0 9 0 0 0.1
3995.08 110 pm 1.6 41.0 1.2 2.0 0 5.5 0 0 0
3995.08 110 pm 0.4 0 0.8 0 0 8.5 0 0 0
3995.08 110 pm 0.1 0 0.6 0 0 6.3 0 0 0
3995.08 110 pm 1.0 0 0.8 0.0 0 4.9 0 0 0
3995.08 Vein-fill 1.5 45.5 1.7 0.6 0 12.9 0 0 0
3995.43 110 pm 22 57.5 0.8 1.4 0.7 0 0 0.6 0
3995.43 Vein-fill 0.2 68.3 0.6 0.3 0 19.8 0 0.4 0.3
3995.43 Slot 24 67.4 1.3 0.4 0 19.6 0.5 0 0
4190.22 Slot 1.0 66.9 0.7 0.6 0 16.0 0.3 0.5 0
4199.85 Encapsulated 1.3 120.7 1.3 0.4 0 37.0 0.3 0.3 0
4199.85 110 pm 0.8 55.7 0.5 0.9 0 13.2 0 0.4 0
4199.85 110 pm 2.1 59.2 0.7 0.4 0 15.0 0 0.2 0
4199.85 110 pm 0.7 77 0.7 0.0 0 222 0 0.6 0
4199.85 Vein-fill 0.9 51.7 1.0 0.6 0 14.8 0 0 0.8
4199.85 Encapsulated 0.5 100.7 1.2 0 0 32.0 0.2 0 0
4509.97 110 pm 1.8 40.5 1.1 0.9 0.4 6.8 0 0 0
4509.97 110 pm 1.2 25.5 0.8 0.0 0 1.7 0 0 0
4509.97 110 pm 0.4 31.7 0.3 0.4 0 5.7 0 0 0
4509.97 110 pm 1.3 27.5 0.5 1.1 0 1.3 0 0 0
4509.97 Vein-fill 0.8 62.3 0.7 0.4 0 18.6 0 0 0.3
4509.97 Encapsulated 2.2 347.8 5.8 0.6 0 108 1 2.2 0
4509.97 Encapsulated 0.5 118.2 1.8 0.2 0 37.3 0.2 0 0
4784.26 110 pm 0.3 128.8 0.8 1.0 0 354 0 0 0
4784.26 110 pm 1.1 129 0.9 0.0 0 54.8 0 0.7 0
4784.26 Encapsulated 0 2.3 0.2 0.3 0 457 1.3 1 1.4
4784.26 Encapsulated 0.9 140.1 1.4 0.8 0 435 0.5 0 0
4840.15 Vein-fill 1.1 46.5 0.6 0.6 0.2 13.6 0 0 0
4840.15 Slot 0.3 329 0.4 0.3 0 6.6 0.2 0.2 0
4865.09 Encapsulated 0.3 151.9 1.5 0.2 0 46.1 0.8 0.5 1.4
4865.09 110 pm 0.0 185.1 1.6 0.7 0 42.1 0.7 1.1 0
4865.09 110 pm 0.0 188.2 1.0 0.0 0 46.2 1.7 1.1 0
4865.09 110 pm 0.4 104.9 0.7 0.0 1.4 27.8 0 0 0
4865.09 110 pm 0.3 124.0 2.0 0.0 0 31.0 0 0 2.7
4865.09 Encapsulated 0.1 151.5 1.0 0 0 46.5 0.7 0 0
5433.55 110 pm 0.6 0 0.4 0 0 233 0 0 0
5453.55 Encapsulated 0.3 142.9 23 0.5 0 423 1.3 0.8 0
5453.55 Encapsulated 0.6 129.1 14 0.5 0 40 0.4 0 0
5463.55 110 pm 0.7 0 0.5 0.0 0 11.3 0 0 0
5478.22 110 pm 1.1 81.6 1.2 0.0 0 24.6 0 0 0
5478.22 110 pm 1.0 59.9 0.5 0.9 0 17.2 0 0 0
5478.22 Vein-fill 1.2 59.2 0.5 0.7 0 17.1 0 0 0
5478.22 Encapsulated 0.3 120.9 1.0 0.2 0 38 0.4 0 1.1

T-5056 well samples atoms per 100 carbon atoms.

Fe, K, and F, 0 for all samples; slot or 110 um, spatially resolved solid bitumen within whole rock sample; vein-fill, solid bitumen
concentrate after toluene extraction/density separation; encapsulated, ground calcite-encapsulated solid bitumen.
Survey scans in bold indicate that a high-resolution analyses was performed for this element along with carbon.

for small spot analyses where solid bitumen sur-
faces were targeted. Only organic nitrogen was
detected. Pyrrolic nitrogen accounts for ~80%
(ranging from 69% to 95%) with the balance being
pyridinic. Most of the observed oxygen is resolved

as inorganic and is associated with the calcium as
calcite. XPS carbon (1Is) curve resolution results
indicate that the organic oxygen, quantified by
oxygen (1s) curve resolution results, is dominated
by carbon-oxygen single-bond species.



Table 2a
T-8 well samples — high-resolution elemental analyses
Depth (m) Prep/anal. Per 100 carbon atoms Sulfur Nitrogen Oxygen
%Aro Main Beta C-O C=0 O-C=0 COj3 Per Mole % Per Mole% Per Mole% CalciumPer
100 € Non- Aromatic SO; SO4 100 € Pyridinic  Pyrrolic 100 € O-inorg 0O-Orgl O-Org2 100 €
aromatic
3961.8 Vein-fill 28 86.6 1.7 58 0.1 0 58 0.8 0 75 16 9 038 8 92 226 85 14 1 5.5
3961.8 Slot 51 589 27 9.7 0.1 0 285 22 0 45 0 55 153 91 8 1 39.6
3961.8 Encapsulated 59 5710 91 0 0 337 1.5 0 92 0 8 09 25 75 139 93 6 1 39.6
3961.8 Encapsulated 58 64.7 0 104 0 0 249 2.0 0 91 0 9 038 24 76 108 92 6 2 29.5
3972 Vein-fill 51 72 2 106 34 0 119 2.0 4 70 15 11 1.0 31 69 487 85 14 1 12.5
3972 Slot 20 793 1.9 107 0.9 0 72 0.6 0 54 0 45 145 52 37 11 22
3972 Encapsulated 63 612 0 10.6 0 0 282 22 0 90 0 10 1.1 33 67 121 93 6 2 34.1
3977 Vein-fill 49 71.7 45 9 0.4 0 143 3.1 1 89 2 8 15 31 69 111 93 5 2 30.2
3977 Slot 68 69 2.1 6.5 0.7 0 21.7 2.6 0 58 5 38 12 29 71 70.1 91 9 0 28.2
3983.5 Slot 42 713 19 8.1 1.1 0. 16.7 2.3 1 43 8 49 38 4 96 62.8 82 17 1 18.4
3983.5 Slot 43 69.6 0.9 6.2 0.6 0 22.7 3.8 0 36 3 61 07 30 70 96.5 91 9 0 279
3983.5 Encapsulated 58 592 0 10.5 0 0 303 2.0 0 91 0 9 05 29 71 147 94 4 2 40.7
4016.5 Slot 26 824 12 10.1 0.1 4. 2 04 0 31 48 22 13 10 90 242 32 59 8 1.7
4016.5 Encapsulated 44 527 0 8 0 0 393 14 0 81 0 19 05 23 71 197 94 5 1 56.5
4044.5 Slot 21 787 1.6 11.7 0.7 6 1.2 07 0 22 0 78 198 3 59 38 0.9
4044.5 Slot 56 741 65 11.6 04 4. 26 09 0 64 11 25 03 27 73 183 38 39 23 1.6
4044.5 Encapsulated 49 554 0 89 0 0 356 1.7 0 92 0 8 05 29 71 172 94 5 0 30.8
4056.75 Encapsulated 54 628 0 10 0 0 272 1.8 0 96 0 4 07 31 69 125 93 7 0 33.6
4056.75 Slot 65 702 1.6 148 22 1. 94 1.6 0 72 0 28 71.3 83 13 5 15.2
4123 Slot 61 684 04 106 1.7 0 19 1.8 0 50 9 42 19 20 80 103 92 8 0 25.1
4123 Encapsulated 54 615 0 99 0 0 285 1.7 0 95 0 5 08 28 72 140 92 8 0 36.7
4137 Slot 72 53.6 48 165 22 0 23.1 23 0 54 16 30 1.3 30 70 160 92 8 0 40.6
4157.71 Slot 46 814 19 8.5 0.7 0 76 1.2 0 82 3 15 40.1 79 18 3 9.4
4186 Vein-fill 36 71.8 23 137 03 0 119 1.0 0 84 2 14 04 22 78 4.1 87 13 0 11.6
4186 Slot 45 74.6 0.7 6.1 04 0 182 1.9 0 58 2 39 07 28 72 76.6 85 15 0 19.4
4328 Vein-fill 26 88 1.1 47 0 0 6.2 0.6 5 78 7 10 03 9 91 20 84 14 2 5.4
4328 Slot 30 76.1 1.5 8 0.4 0 14 08 0 59 7 34 04 9 91 472 92 8 0 11.9

91y
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Table 2b

T-5056 well samples — high-resolution elemental analyses

Depth (m) Prep/anal. Per 100 carbon atoms Sulfur Nitrogen Oxygen
%Aro Main Beta C-O C=0 O-C=0 CO; Per Mole% Per Mole% Per Mole% Calcium
100 € Non- Aromatic SO; SOy, 100 € Pyridinic  Pyrrolic 100 € O-inorg O-Orgl Per 100 C
aromatic
3913.26 Vein-fill 17 756 14 112 05 0 112 1.7 0 84 0 16 1.5 20 80 37.6 87 11 11.7
3913.26 Slot 14 652 04 43 0 0 30.1 1.9 0 40 0 60 22 24 76
3957.77 110 pm 52 75.1 0.9 47 1.1 0 18.1 1.1 44 66
3957.77 Slot 45 745 09 109 0 0 137 19 0 47 2 51 22 14 73
3995.08 110 pm 21 80.1 2 83 0.7 0 89 08 44 56
3995.08 110 pm 24 737 18 175 1.7 0 54 1.2 28 72
3995.08 110 pm 45 771 44 116 O 0 7.0 0.8 41 59
3995.08 Vein-fill 62 662 21 143 02 0 172 1.7 0 76 0 35 1.3 25 75 589 83 17 17.4
3995.43 110 pm 63 66.8 08 191 1 0 56 0.8 26 74
3995.43 Vein-fill 28 673 1.7 51 0 0 258 0.6 0 50 9 41 03 24 76 80 94 4 24.2
3995.43 Slot 35 71.0 0.8 68 0 0 21.3 33 18 82
4190.22 Slot 15 617 24 173 0 0 18.6 0.7 13 87
4199.5 Encapsulated 40 455 0 68 0 0 477 1.3 13 87
4199.5 110 pm 38 743 14 78 26 0 140 19 0 100 0 0 1.7 21 79
4199.85 110 pm 27 69.5 0 15 0 0 155 0.5 44 56
4199.85 110 pm 25 739 1.5 77 0.6 0 16.3 0.7 44 56
4199.85 110 pm 49 66.5 0 37 0 0 29.9 0.7 49 51
4199.85 Vein-fill 28 747 1.8 7.1 0 0 164 0.9 0 30 0 69 1.5 25 75 538 92 6 16.3
4199.85 Encapsulated 43 576 0 42 0 0 382 1.2 70 30
4509.97 110 pm 32 819 0.3 79 0.6 0 94 1.1 59 41
4509.97 110 pm 16 780 1.7 132 0 0 7.1 0.8 12 88
4509.97 110 pm 15 71.1 05 168 0 0 11.6 0.3 44 56
4509.97 110 pm 26 799 0 126 0.8 0 6.7 0.5 20 80
4509.97 110 pm 50 844 0 67 0 0 89 22 0 67 0 33
4509.97 Vein-fill 27 702 1.5 59 0 0 224 04 0 53 0 47 2.6 14 86
4509.97 Encapsulated 43 390 0 44 0 0 56.6 5.8 3 97 0.7 15 85 63.6 94 5 19.9
4784.26 Encapsulated 48 433 0 3.1 0 0 536 14 13 87
4840.15 Vein-fill 24 76.6 1.4 53 0 0 168 042 0 66 0 34 09 16 84 48.7 88 12 14.2
4840.15 Slot 18 80.3 0.2 8 0 0 11.6 0.4 0 59 0 42
4865.09 Encapsulated 61 42 0 41 0 0 539 1.5 13 87
4865.09 110 pm 29 451 1.7 75 0 0 457 0.7 6 94
4865.09 110 pm 34 47.6 0.6 61 0 0 457 2 9 91
4865.09 Encapsulated 45 353 0 42 0 0 60.6 1 0 12 0 88
5453.55 Encapsulated 62 395 0 6.7 0 0 537 23 21 79
5453.55 Encapsulated 41 456 0 37 0 0 50.7 1.4 13 87
5463.55 110 pm 33 739 0.1 6.6 0.5 0 18.8 0.5 56 44
5478.22 110 pm 31 658 0 44 0 0 29.8 0.5 44 56
5478.22 Vein-fill 24 71.7 1.6 56 0 0 21.1 038 0 55 0 45 14 11 89 672 93 6 19.6
5478.22 Encapsulated 55 476 0 4 0 0 484 1.5 0 57 0 43

Beta curve merged with Main for Encapsulated samples.

Amino and quaternary nitrogen forms = 0 Mole% for all samples.

Samples that report only %saromatic and %SO, are curved resolved from the survey scan data. S°, § =0, and SO, = 0 Mole% for all samples.

Organic oxygen values for small spot and Encapsulated samples heavily influenced by inorganic oxygen.
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Tables 3a and 3b provide a summary of the per-
centage of organic carbon, its degree of aromaticity,
and the normalized proportion of organic nitrogen,
sulfur, and oxygen. Considerable care was taken in
data processing for the aromatic carbon of the
ground encapsulated samples where the solid bitu-
men is now mixed with calcite. Small spot and
vein-fill samples range typically from 60% to 80%
organic carbon. The ground encapsulated samples
are considerably lower, with only ~30-50% of the
measured carbon reported as organic. The hetero-
atom values were taken from high-resolution spectra
when available. In the absence of high-resolution
analysis, a nitrogen value was obtained from the sur-
vey analysis and assumed to be all organic. This is a
reasonable assumption because nitrogen is revealed
to be organic in the high-resolution analyses that
were performed. Similarly, sulfur values from the
survey scans were used when no high-resolution sul-
fur analysis was performed. The survey spectra are
sufficiently resolved to distinguish inorganic from
organic sulfur, but are insufficient to separate the
speciation of organic sulfur. Organic oxygen, when
not measured by high-resolution analysis, was calcu-

lated from the number of C—O bonds in the high-res-
olution carbon spectra. Assuming that these carbons
are associated with C-O-C species (e.g., ethers), the
amount of associated oxygen is half that of the mea-
sured carbon within this chemical environment. In
these cases, it is also assumed that no other oxygen
species contribute to the total oxygen content.

4. Discussion
4.1. Consistency of inorganic elemental composition

As the mineral matrix of the Tengiz core samples
is mostly calcite with only minor amounts of anhy-
drite and clays, simple stoichiometric correlations
should exist between the measured amounts of inor-
ganic elements. The consistency of these relation-
ships can serve as a measure of quality control in
curve resolution that differentiates inorganic from
organic chemical environments.

Calcium is bound mostly as calcite (CaCOs3) with
minor amounts of anhydrite (CaSO,4). Conse-
quently, the number of calcium atoms should be
proportional to the sum of the inorganic carbon

Table 3a
T-8 well samples high-resolution/survey organic C, N, S, O
Depth Prep/anal. Per 100 C Corg Per 100 organic carbon atoms

Corg Y%Aromatic Norg Sore Oorg NSO
3961.8 Vein-fill 94.2 28 0.8 0.6 34 4.8
3961.8 Slot 71.5 51 0.4 1.0 13.3 14.7
3961.8 Encapsulated 66.3 49 0.9 1.4 9.7 12.0
3961.8 Encapsulated 75.1 36 0.8 1.8 8.6 11.2
3972 Vein-fill 88.1 26 1.0 1.5 7.3 9.8
3972 Slot 92.8 51 0.8 0.3 6.9 8.0
3972 Encapsulated 71.8 20 1.1 1.9 8.7 11.7
3977 Vein-fill 85.7 68 1.5 2.8 7.8 12.1
3977 Slot 78.3 42 1.2 1.5 6.5 9.2
3983.5 Slot 83.3 43 3.8 1.0 11.6 16.4
3983.5 Slot 71.3 26 0.7 1.4 8.8 10.9
3983.5 Encapsulated 69.7 21 0.6 1.8 8.1 10.5
4016.5 Slot 97.9 56 1.3 0.1 16.4 17.8
4016.5 Encapsulated 60.7 65 0.4 1.1 11.5 13.0
4044.5 Slot 98.8 61 0.6 0.1 19.2 19.9
4044.5 Slot 97.4 72 0.3 0.6 11.3 12.2
4044.5 Encapsulated 64.4 46 0.5 1.5 10.2 12.2
4056.5 Encapsulated 72.8 45 0.7 1.7 8.4 10.8
4056.5 Slot 90.6 30 1.4 1.1 12.4 14.9
4123 Slot 81.0 59 1.9 0.9 7.9 10.7
4123 Encapsulated 71.5 58 0.8 1.6 11.3 13.7
4137 Slot 76.9 63 1.3 1.3 13.5 16.1
4157.77 Slot 92.4 58 14 1.0 8.4 10.8
4186 Vein-fill 88.1 44 0.4 0.9 5.9 7.2
4186 Slot 81.8 49 0.7 1.1 11.2 13.0
4328 Vein-fill 93.8 54 0.3 0.5 3.2 4.0
4328 Slot 86.0 54 0.4 0.5 3.7 4.6
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Table 3b

T-5056 well samples high-resolution/survey organic C, N, S, O (O calculated from C-O when not available by direct measurement)

Depth Prep/anal. Per 100 C Corg Per 100 organic carbon atoms
Corg %Aromatic Norg Sorg Oorg NSO

3913.26 Vein-fill 88.8 14 1.5 1.5 7.4 104
3913.26 Slot 69.9 45 22 0.8 33 6.3
3957.77 110 pm 81.9 35 1.8 1.1 3.1 6.0
3957.77 Slot 86.3 15 2.5 1.9 7.3 11.7
3995.08 110 pm 91.1 18 0.7 0.8 5.2 6.7
3995.08 110 pm 94.6 52 1.6 1.2 11.9 14.7
3995.08 110 pm 93.0 21 1.0 0.8 7.5 9.3
3995.08 Vein-fill 82.8 24 1.5 1.7 10.8 14.0
3995.43 110 pm 87.7 45 22 0.8 14.3 17.3
3995.43 Vein-fill 74.2 63 0.2 0.6 3.8 4.6
3995.43 Slot 78.7 38 33 0.4 4.8 8.5
4190.22 Slot 81.4 27 1.0 0.7 14.0 15.7
4199.85 Encapsulated 52.3 25 1.3 1.3 7.6 10.2
4199.85 110 pm 86.0 49 1.7 1.9 5.2 8.9
4199.85 110 pm 84.5 32 0.8 0.5 10.8 12.1
4199.85 110 pm 83.7 16 2.1 0.7 5.2 8.0
4199.85 110 pm 70.1 15 0.7 0.7 2.8 42
4199.85 Vein-fill 83.6 26 0.9 0.9 4.8 6.6
4199.85 Encapsulated 61.8 50 0.5 1.2 3.8 5.5
4509.97 110 pm 90.6 29 1.8 1.1 4.8 7.7
4509.97 110 pm 92.9 34 1.2 0.8 8.5 10.5
4509.97 110 pm 88.4 33 0.4 0.3 11.8 12.5
4509.97 110 pm 933 31 1.3 0.5 79 9.7
4509.97 110 pm 91.1 17 2.6 1.5 4.0 8.1
4509.97 Vein-fill 77.6 62 0.7 0.2 3.7 4.6
4509.97 Encapsulated 55.1 28 0.5 1.8 3.6 5.9
4784.26 Encapsulated 46.4 27 0.9 1.4 3.7 6.0
4840.15 Vein-fill 83.2 24 0.9 0.3 5.9 7.1
4840.15 Slot 88.4 24 0.3 0.3 5.0 5.6
4865.09 Encapsulated 46.1 40 0.3 1.5 49 6.7
4865.09 110 pm 54.3 43 0.4 0.7 8.3 9.4
4865.09 110 pm 54.3 43 0.3 2.0 6.4 8.7
4865.09 Encapsulated 39.4 41 0.1 1.0 6.2 73
5453.55 Encapsulated 46.3 48 0.3 2.3 8.5 11.1
5453.55 Encapsulated 49.3 61 0.6 1.4 4.1 6.1
5463.55 110 pm 81.2 45 0.7 0.5 4.5 5.7
5478.22 110 pm 70.2 62 1.0 0.5 33 4.8
5478.22 Vein-fill 78.9 41 1.2 0.4 3.9 5.5
5478.22 Encapsulated 51.6 55 0.3 0.8 4.3 5.4

All values for C,; and % aromaticity are from high-resolution carbon analyses.

Survey scan values are reported where N, and S,,, values are not available from high-resolution analysis.

Oprg calculated from the carbon high-resolution analysis where O, values are not available from high-resolution analysis. This calcu-
lation, 100 X (1/2 - C — O/C,y), assumes that all organic oxygen is bound as ether linkages.

and sulfur atoms as illustrated in Fig. 4. Samples
from T-5056 correspond well to the unity trend line.
Calcium is enriched above carbon parity line in
samples from the T-8 well with Ca values above
~25%, suggesting that other trace minerals may
contribute to the calcium response. The correlation
between calcium and inorganic oxygen yields a stoi-
chiometric relationship of 3.2 (Fig. 5). This is
slightly higher than expected for pure calcite, and
may be attributed to the presence of anhydrite.

4.2. Aromaticity and NSO content of solid bitumens

Tengiz solid bitumens exhibit a broad distribu-
tion of aromaticity and heteroatom content. The
aromatic carbon content is particularly anomalous
(Fig. 6) ranging from 14% to 72%. In contrast,
petroleum asphaltenes, precipitated from a suite of
oils derived from a variety of common source facies,
range from ~35% to 50% aromatic carbon. When
pyrolyzed, asphaltene residues exceed 80% aroma-
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Fig. 4. Relationship between the number of calcium atoms and
the sum of inorganic carbon and inorganic sulfur atoms per 100
carbon atoms in Tengiz solid bitumen samples. Samples from the
T-5056 well are consistent with the unity trend line. Calcium is
slightly enriched in samples from the T-8 above ~25% Ca,
suggesting that other trace minerals may contribute to the
calcium response. All samples prepared as vein-fill concentrates
or as encapsulated powders.

ticity, indicating that thermally altered asphaltenes
may have more than >50% aromatic carbon. Given
these limits, only a fraction of the Tengiz solid bitu-
mens are consistent with asphaltene precipitates or
their thermally stressed equivalents, as approxi-
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Fig. 5. Relationship between the number of calcium atoms and
inorganic oxygen atoms per 100 carbon atoms in Tengiz solid
bitumen samples. The data fits best with a Ca to O distribution of
1:3.2, which is slightly higher than the stoichiometric 1:3 ratio of
calcite. All samples prepared as vein-fill concentrates or as
encapsulated powders.

mately 40% of the samples contain less than 35%
aromatic carbon. The lowest values are associated
mostly with the small spot samples.

The abundance of organic nitrogen in the Tengiz
solid bitumens (0-3.3 atoms N/100 atoms carbon) is
similar to that of petroleum asphaltenes and their
thermally stressed equivalents (typically, ~0-4

Petroleum Asphaltenes

~35-50% Aromaticity
-

Frequency

[ Encapsulated
3 Vein-Fill

H Small Spot

<20 21-25 26-30 31-35 36-40 41-45 46-50 51-55 56-60 61-65 >65
%Aromaticity

Fig. 6. Distribution of %aromaticity of organic carbon in Tengiz solid bitumens sorted by sample type. The range of aromaticity of
petroleum asphaltenes (~35-55%) from a variety of common source kerogens is shown for reference.
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atoms N/100 atoms carbon). The organic nitrogen
in Tengiz solid bitumens is present only as pyrrolic
and pyridinic species in a proportion similar to the
distribution observed in asphaltenes, which ranges
from ~65% to 80% pyrrolic nitrogen.
Encapsulated bitumens appear to be preferentially
enriched in organic sulfur relative to small spot anal-
yses (Fig. 7). Moreover, Tengiz solid bitumens essen-
tially contain only aromatic (thiophenic) sulfur that
normally is characteristic of a high state of matura-
tion. This compositional difference most likely
reflects the chemistry of the precursor compounds,
as thermal stress does not significantly influence the

overall sulfur content of asphaltene residues. Petro-
leum asphaltenes typically contain 50-80% aromatic
sulfur, the balance being non-aromatic species
such as alkylsulfides. Upon thermal alteration, non-
aromatic sulfur is lost completely at a state corre-
sponding to carbon aromaticity >80%, a condition
not observed in the Tengiz solid bitumens. The absence
of non-aromatic sulfur forms at relatively low aroma-
ticity is a distinctive feature of these reservoir solids.

Many Tengiz solid bitumens have unusually high
concentrations of organic oxygen compared to
petroleum asphaltenes (Fig. §). Petroleum asphalt-
enes rarely range above 6 atoms organic oxygen/
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Fig. 7. Distribution of the number of organic sulfur atoms per 100 atoms of organic carbon in Tengiz solid bitumens sorted by sample
type. The range observed for petroleum asphaltenes from a variety of common source kerogens is shown for reference.
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100 atoms carbon with the ratio remaining roughly
constant upon pyrolysis. While a portion of solid
bitumens exhibit values similar to asphaltenes,
many are highly enriched in organic oxygen. The
highest values are associated with the small spot
analysis. Most of this organic oxygen appears in
an ether environment, with only trace or minor
amounts in carbonyl or carboxyl forms.

4.3. Depth—stratigraphic relationships

There are no discernable trends in the chemical
composition of the Tengiz solid bitumens with
depth or stratigraphy. One might expect the aroma-
ticity of the solid bitumens to increase with depth
and increasing thermal stress. This effect is not

observed (Fig. 9). Similarly, the relative abundance
and speciation of the heteroatoms is independent
of depth or stratigraphy.

Depth trends in Tengiz solid bitumen reflectance
have been reported and used to constrain paleo-
temperature models (Baskin et al., 1997; Hallager
et al., 1997; Hwang et al., 1998; Schoellkopf and
Hallager, 1998). We see no corresponding trends
in the chemistry of the solid bitumens; however,
the encapsulated samples tend to be more aromatic
than vein-fill samples from the same depth. Since
bitumen reflectance is controlled mostly by the
degree of aromatization, vein-fill bitumens, which
are observed to be most abundant in the shallowest
strata, should exhibit lower reflectance than encap-
sulated, micropore bitumens, which are predomi-
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Fig. 8. Distribution of the number of organic oxygen atoms per 100 atoms of organic carbon in Tengiz solid bitumens sorted by sample
type. The range observed for petroleum asphaltenes from a variety of common source kerogens is shown for reference.
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Fig. 9. Plot of percentage aromatic carbon in Tengiz solid bitumens versus sample depth (with stratigraphy).

nant in the lower strata. We believe reported
increases in solid bitumen reflectance with depth
do not reflect increasing thermal alteration, but
are an artifact of the relative abundance of bitumens
having different chemical origins.

4.4. Reactive polar precipitation

XPS analysis shows that all Tengiz solid bitumens
are enriched in ether-linked oxygen atoms relative to
asphaltene precipitates or their pyrolyzate residues
and that organic sulfur occurs only in an aromatic
(thiophenic) state. The degree of aromatization varies
and two different, chemically distinct phases can be
distinguished (Fig. 10). One phase, predominant in
the micropores, has a composition similar to petro-
leum asphaltene precipitates that have been ther-
mally and/or chemically altered. The other phase,
found mostly in vein-fills and fractures, has a much
lower degree of aromaticity than petroleum asphalt-
enes. This hydrogen-rich material appears to be pref-
erentially formed on exterior surfaces and is best
characterized by several small spot analyses with
low aromaticity and a high ratio of C-O species.

We propose that the composition of these hydro-
gen-rich organic films can be explained by the reac-
tion of low-molecular weight polar compounds,
forming a naphthenic-rich solid bitumen. Petroleum
asphaltenes and NSO polar compounds have differ-

ent solubilities. Asphaltenes precipitate through the
addition of light hydrocarbons or a decrease in res-
ervoir pressure, while polar compounds remain in
solution. The solubility differences are attributed
to variations in molecular weight, aromaticity, and
polar functionality. Asphaltenes range from ~500
to 1000 Da, while polars range from ~250 to
600 Da (Groenzin and Mullins, 2000; Qian et al.,
2001). Polar compounds tend to be more saturated
than asphaltic compounds. The chemical environ-
ments of the NSO atoms within the polar and
asphaltic compounds are believed to be similar.

A hydrogen-rich precipitate could arise if polar
compounds react and condense, forming a product
that is no longer soluble in the reservoir petroleum
fluid — a process we term ‘“‘reactive polar precipita-
tion”. A likely mechanism for this reaction is the
thermal cracking of labile sulfur species (e.g., mer-
captans, thialanes, and disulfides) producing reac-
tive free radicals and H,S. Such reactions can take
place under typical reservoir temperatures
( 2 100 °C). The radicals then react with hydroxyl
groups to form stable ether linkages (Fig. 11). The
condensed polar compounds can then precipitate
because the reacted product is no longer compatible
with hydrocarbon-rich oil.

Similar reactions can account for conversion of
precipitated polars and asphaltenes to solid bitu-
mens that are insoluble in laboratory solvents.
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One additional ether cross-linkage between precipi-
tated asphaltene or reacted polar molecules is suffi-
cient to alter the solubility of the condensed
molecule such that it is no longer soluble in toluene.
This reaction mechanism accounts for (1) enrich-
ments in ether-linked oxygen and aromatic sulfur,
(2) the absence of non-aromatic sulfur, and (3) the
relatively unaltered nature of nitrogen that is
observed in the Tengiz solid bitumens. It also pro-

vides a mechanism to form solid bitumens at the rel-
atively low temperatures that the reservoir rocks
experienced.

5. Solid bitumen formation in Tengiz Field
The hypothesis for reactive polar precipitation

and solid bitumen formation via ether-linkage
reactions agrees well with current models for the
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geohistory of Tengiz Field. The reservoir was
charged initially during the early Triassic Period
with an asphaltene-bearing oil. Upon seal failures
(between 220 and 125 Ma), asphaltenes dropped
out of solution due to depressurization. This early
asphaltic precipitate, present in both micro- and
macro-pores, experienced low reservoir tempera-
tures for as long as 250 million years, resulting in
partial aromatization and ether-linkage reactions
that produced hydrogen-poor, oxygen-rich solid
bitumen. The coincidence of reservoir depressuriza-
tion and peak oil and gas generation from Paleo-
zoic source rocks during the Late Jurassic—Early
Cretaceous resulted in precipitation of large vol-
umes of asphaltenes along migration pathways
(flanks and rim features) mainly in fractures and
other permeable pathways open to flow. Following
re-establishment of a seal and refilling of the reser-
voir with oil, reactive polar compounds precipi-
tated from the reservoir hydrocarbons producing
an aliphatic-rich coating on previously precipitated
asphaltene. Such surface coatings would be most
abundant in vein-fill samples because asphaltenes
precipitated in the micropore spaces either were
completely sealed or had restricted access to the
polar compounds during the second hydrocarbon
charge. Once precipitated, the polar and asphaltic
materials would further condense to their present
solid, toluene-insoluble state.

When characterized as a large homogenized
sample, such as obtained after acid digestion of
several grams of reservoir rock, Tengiz solid bitu-
mens exhibit little chemical variation. However,
significant chemical and optical variabilities are
observed on a microscopic scale. Chemically, indi-
vidual Tengiz bitumens vary greatly in their solu-
bility by strong polar solvents and in the
distribution of hydrocarbon products using micro-
laser pyrolysis. Optically, multiple populations of
bitumen with different morphology and reflectance
(~0.2-1.5%) exist within the same rock sample
(Hwang et al., 1998; Warner et al., 1999). Optical
heterogeneity exists within individual bitumen par-
ticles that have distinct rimming features of low
reflecting material surrounding a higher reflecting
bitumen mass (L.D. Stasiuk, pers. comm.). High
reflectivity measurements of some solid bitumens
but not others lead to the hypothesis that hot
hydrothermal fluids invaded the Tengiz reservoir
from deeper in the basin prior to the final filling
of the reservoir (Hallager et al., 1997; Warner
et al., 1999).

Our model, where the bulk of Tengiz solid bitu-
men is chemically altered asphaltenes with variable
surface coatings of precipitated polar compounds,
offers an alternative explanation for these anoma-
lous observations. Asphaltenes that precipitated
during early episodes of seal breach have undergone
a substantial degree of thermal conversion under
prolonged exposure to normal reservoir tempera-
tures (Pottorf et al., 2003). Moderate temperatures
of thermal conversion (<120 °C) are consistent with
fluid inclusion homogenization temperatures (War-
ner et al., 1999; Tseng and Pottorf, 2003) and XPS
measurements of Tengiz solid bitumen %aromatic-
ity (<£72%), which are consistently below values
observed for asphaltene pyrolyzates (>80%). It is
possible that such reactions produce aromatic-rich
residues, that when combined with the ether cross-
linkage reactions, could result in high reflectivity.
Unanswered is whether such reactions can result
in mosaic textures that imply rapid heating by hot
hydrothermal fluids. Polar precipitation readily
accounts for the distinct rimming features of low
reflective material coating more reflective inner
cores. The chemical precipitation of this material
will post-date the precipitation of asphaltenes and
coat aromatic-rich, high reflective solid bitumen
with naphthenic-rich, low reflective organic films.
Hence, the co-occurrence of thermally altered pre-
cipitated asphaltenes and low-reflectivity polar pre-
cipitates can explain the wide variations in
reflectivity that may occur within a single sample,
and differences in dissolution in laboratory solvents.
Additionally, polar precipitation explains the very
low content of polars in produced Tengiz oil
(~3% of the C;s4 fraction) and provides a mecha-
nism to explain the occurrence of solid bitumens
at different stages of the paragenetic sequence.

6. Global occurrence of reactive polar precipitates

The polar precipitation model discovered in cores
from Tengiz Field is applicable to other structures
within the North Caspian basin, such as Korolev
and Kashagnan that contain varying amounts of
solid bitumen. There is every reason to believe that
the process is a common occurrence in petroleum
systems where reservoirs have been exposed to suf-
ficient temperatures to promote free radical forma-
tion from labile, non-aromatic sulfur species. One
such documented occurrence may be solid bitumens
reported in Triassic carbonate rocks of the Shiwan
Dashan Basin, South China (Gao et al., 2001). This
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stratum experienced similar burial depths and tem-
peratures (~4300 m depth, 110 °C) and solid bitu-
mens from the Shiwan Dashan Basin exhibit
similar unusual optical and chemical properties as
Tengiz. Gao et al. (2001) attributed formation of
this material to a pressure effect, terming the mate-
rial “compressively matured bitumen’, but it is
unclear how pressure alone could promote the con-
version of associated oil to solid bitumen.

The generation of polar precipitates that are suf-
ficiently thick to be readily seen might require spe-
cific conditions, such as stable hydrocarbon-filled
reservoirs maintaining relatively mild temperatures
for >100 million years. Under less optimal condi-
tions, polar precipitation might still occur, but pro-
duce only very thin surface coatings that are
undetectable by conventional optical microscopy.
Such coatings could have significant impact on res-
ervoir properties, such as surface wetability and pre-
cipitation of late diagenetic cements.

7. Conclusions

X-ray photoelectron spectroscopy of solid bitu-
mens from Tengiz Field reveals that the bitumens
consist mainly of chemically altered asphaltenes
coated with varying amounts of a hydrogen-rich
polar material. We hypothesize that this material
results from a newly described reservoir process we
term reactive polar precipitation. A likely pathway
for the formation of aliphatic- and oxygen-rich solid
bitumen coating under low, reservoir temperatures
(<120 °C) is the production of free radicals from the
thermal cleavage of labile, non-aromatic sulfur spe-
cies that then react with hydroxyl groups to form
ether-linked products. The ether cross-linkage reac-
tions also account for the transformation of the pre-
cipitated reactive polars and asphaltenes into solid
bitumens that are insoluble in toluene and more polar
laboratory solvents. Reactive polar precipitation
offers an explanation for many of the unusual optical
and chemical properties reported for the solid bitu-
mens from the North Caspian Basin and is consistent
with the observed paragenetic sequence and with cur-
rent geohistory models at Tengiz.
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