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Abstract—Hydrous pyrolysis experiments at 200 to 365°C were carried out on a thermally immature
organic-rich limestone containing Type-IIS kerogen from the Ghareb Limestone in North Negev, Israel. This
work focuses on the thermal behavior of both organic and inorganic sulfur species and the partitioning of their
stable sulfur isotopes among organic and inorganic phases generated during hydrous pyrolyses. Most of the
sulfur in the rock (85%) is organic sulfur. The most dominant sulfur transformation is cleavage of organic-
bound sulfur to form H,S,,). Up to 70% of this organic sulfur is released as H,S,,, that is isotopically
lighter than the sulfur in the kerogen. Organic sulfur is enriched by up to 2% in **S during thermal maturation
compared with the initial §>*S values. The 8**S values of the three main organic fractions (kerogen, bitumen
and expelled oil) are within 1%o of one another. No thermochemical sulfate reduction or sulfate formation was
observed during the experiments. The early released sulfur reacted with available iron to form secondary
pyrite and is the most **S depleted phase, which is 21%o lighter than the bulk organic sulfur. The large isotopic
fractionation for the early formed H,S is a result of the system not being in equilibrium. As partial pressure
of H,S, .., increases, retro reactions with the organic sulfur in the closed system may cause isotope exchange
and isotopic homogenization. Part of the §>*S-enriched secondary pyrite decomposes above 300°C resulting
in a corresponding decrease in the 8**S of the remaining pyrite. These results are relevant to interpreting
thermal maturation processes and their effect on kerogen-oil-H,S-pyrite correlations. In particular, the use of
pyrite-kerogen &°*S relations in reconstructing diagenetic conditions of thermally mature rocks is questionable
because formation of secondary pyrite during thermal maturation can mask the isotopic signature and quantity
of the original diagenetic pyrite. The main transformations of kerogen to bitumen and bitumen to oil can be
recorded by using both sulfur content and &*S of each phase including the H,S 4us)- HoS generated in
association with oil should be isotopically lighter or similar to oil. It is concluded that small isotopic
differentiation obtained between organic and inorganic sulfur species suggests closed-system conditions.
Conversely, open-system conditions may cause significant isotopic discrimination between the oil and its
source kerogen. The magnitude of this discrimination is suggested to be highly dependent on the availability
of iron in a source rock resulting in secondary formation of pyrite. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION a 2%o enrichment of the sulfur into oil relative to that in the
source-rock kerogen, suggesting 8°*S is a good parameter for
source rock to oil correlations. In contrast, selected oils and
kerogens from the Ghareb Limestone and Monterey Formation
analyzed by Dinur et al. (1980) and Aizenshtat and Amrani
(2004b) showed larger isotopic variations, with the oils being
enriched in **S by as much as 10%o. Only a limited number of
experiments monitoring 8**S changes during thermal matura-
tion of kerogen have been reported. These previous studies
(Idiz et al., 1990; Stoler et al., 2003) were conducted under dry
pyrolysis conditions in which no expelled oil was produced.
Moreover, they did not consider a complete mass balance of
sulfur nor the 8**S of the inorganic sulfur species except for
H,S (a5 1diz et al. (1990) performed dry pyrolysis experiments
in closed ampoules at 300°C on isolated kerogen from the
Monterey Formation. These experiments showed small varia-
tions of only 2%o between the sulfur in source kerogen, bitumen
and H,S,,,,- Conversely, open-system pyrolysis of a Dead Sea
sulfur-rich source rock and isolated kerogens at 300 to 500°C
showed larger isotope differences of 10%0 between kerogen,
bitumen and hydrogen sulfide (Stoler et al., 2003).
The present study was conducted to follow the §**S parti-

The 8**S of sulfur-rich kerogen and oil is controlled by
sulfur incorporation during early diagenesis at relatively low
temperatures (Krein, 1993; Anderson and Pratt, 1995; Amrani
and Aizenshtat, 2004; Aizenshtat and Amrani, 2004a) and
sulfur decomposition and reactions during catagenesis at higher
temperatures (Aizenshtat and Amrani, 2004b). At the begin-
ning of the catagenesis stage, Type-IIS kerogen is rich in
thermally unstable, organically bound sulfur (8—12 wt%). This
low thermal stability is considered a major factor for the early
generation of bitumen and heavy oil and the release of large
amounts of H,S (Tannenbaum and Aizenshtat, 1984, 1985;
Lewan, 1985; Orr, 1986; Baskin and Peters, 1992; Aizenshtat et
al., 1995; Nelson et al., 1995; Koopmans et al., 1998; Lewan,
1998). The effect of these processes on the 8**S of the organic
and inorganic species in the source rock remains to be deter-
mined.

Orr (1986) evaluated many oils and their suggested kerogen
precursors from the Miocene Monterey Formation. He con-
cluded that the maximum difference between the two was only
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tioning of the main organic and inorganic sulfur species during
thermal maturation of organic- and sulfur-rich rock of the
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Table 1. General data describing the experimental temperatures and pressures for 72-h durations, total organic carbon (TOC) and Rock-Eval data
(S1, S2, S3 Tmax, and HI) of the unheated and recovered rocks, and the organic products (bitumen, oil and gas) generated in the whole rock pyrolysis

experiments.
Extracted
Reaction Run bitumen Expelled oil ~ Total gas
temperature  pressure®  TOC S1 S2 S3 Tmax HI mg/gOrig. mg/gOrig. mg/gOrig.
°C kPa Wt. % mgHC/gRock mgHC/gRock mgCO,/gC  (°C) mgHC/gC TOC TOC TOC
Unheated — 15.22 1.64 127.21 4.60 402 836 459 0.0 0.0
200 1538 15.37 1.36 120.63 3.62 401 785 148.6 0.0 39.4
260 5537 14.52 10.05 114.39 2.82 411 788 588.6 33 98.6
300 9605 13.01 21.01 86.51 2.24 423 665 760.3 54.4 180.7
320 12639 11.18 22.98 58.24 2.09 434 521 526.8 150.2 239.8
340 16672 7.89 13.20 22.05 1.69 443 280 190.5 388.9 315.4
365 23671 6.38 7.52 6.11 1.75 449 96 107.3 417.1 436.9
340 dry* 3330 11.14 29.98 23.81 1.93 445 214 327.1 0.0 269.4

# Experiment with 200g rock and no addition of water.
® Absolute pressure, measured within the last 3 hours of the experiment.

Ghareb Limestone, Israel. To better simulate natural thermal
maturation, whole rock samples were subjected to hydrous
pyrolysis experiments at temperatures ranging between 200 and
365°C for 72 h. Organic-and inorganic-sulfur species were
quantified and 8**S values measured to establish complete
mass and isotopic balance of sulfur. These results provide new
insights on the behavior of sulfur during thermal maturation
and how it partitions into different organic and inorganic
phases during petroleum formation.

2. METHODS
2.1. Sample Description

The rock sample used in this study (930616-9) is an organic-rich
limestone (15.22 wt% total organic carbon, TOC) containing thermally
immature Type-IIS kerogen (atomic S/C = 0.065). The thermal im-
maturity of the samples is indicated by its low T, ., of 402°C, high
hydrogen index of 836, low production index of 0.01, and low bitumen/
TOC ratio of 45.9 mg/g TOC (Table 1). This sample is a massive
medium-gray chalky limestone collected from a 17-cm interval, 6 m
above the Mishash phosphorite bed in the Nukhel Efe quarry (a.k.a.
Rotem deposit, Israel) operated by the Pama Co. (31.076917N and
35.176853E). The sample is blocky with no signs of saprolite rinds or
mottled discoloration indicative of pedogenic weathering. The stratig-
raphy and geology of the Ghareb Limestone are reported in Minster et
al. (1992) and Shahar and Wurzburger (1967).

2.2. Hydrous Pyrolysis

The experiments were conducted in stainless-steel Hastalloy C-276
reactors (internal volume: ~1025 cm?®) with carburized surfaces (Le-
wan, 1993). In each experiment, 200 g of gravel-sized rock chips
(0.5-2 cm) were loaded into the reactor with 400 g of distilled water.
Calculations based on specific volumes (Lewan, 1993) indicate that this
amount of rock would be submerged in liquid water during the entire
experiment. After the reactors were sealed, they were filled with 6900
kPa of He and checked for leaks. The pressure was then reduced to 240
kPa of He, and the reactor weighed. Temperatures were monitored with
type J thermocouples that were calibrated against national standards at
280, 300, 320, 340, and 360°C. Temperature and pressure variations
were manually recorded for 20- to 30-min intervals every 10 to 15 h.
Experimental temperatures had standard deviations less than 0.5°C,
except for the dry experiment, which had a standard deviation of 0.8°C.
All experiments were conducted for 72 h, which was measured from
the time the reactors reached the experimental temperature to the time
the heaters were turned off. Experimental temperatures were attained
between 30 and 60 min. Cooldown time to room temperature took
between 18 and 24 h. During cool down, a 50°C decrease occurred

within the first 2 h and a 100°C decrease occurred within the first 4.3 h.
The dry pyrolysis experiment was conducted as described above but
with no added water.

2.3. Kerogen Isolation and Hydrous Pyrolysis

Kerogen was isolated from pulverized rock chips by HCl and HF
treatments followed by a heavy liquid separation according to the
procedure described by Lewan (1986). The elemental analysis of the
isolated kerogen gave 68 wt% C, 8.13 wt% H, 1.9 wt% N, 9.57 wt% O,
12.05 wt% Sioa> and 11.76 Wt% S, anic- The balance between total
sulfur and organic sulfur is pyrite sulfur that was not completely
removed by the kerogen isolation procedure. We used 40 g of the
kerogen for the hydrous pyrolysis experiments. This amount approxi-
mates kerogen content in 200 g of rock that we normally used in our
whole rock experiments. Because the isolated kerogen is slightly hy-
drophobic and difficult to submerge in the reaction water, the weighed
amount of kerogen was initially mixed with water using isopropyl
alcohol as a wetting agent. The isopropyl alcohol was then removed by
sequential rinsing of the wet kerogen in a filter apparatus with distilled
water (Lewan, 1997). The final filtered wet kerogen was then added to
the reactor with 450 g of distilled water.

2.4. Sampling and Collection of Reaction Products

After the reactor cooled to room temperature, pressure and temper-
ature were recorded. To quantify the sulfide species in the water phase,
we decreased the reactor’s pressure by releasing the gas into evacuated
stainless-steel cylinders with a wide range of volumes to a final abso-
lute pressure of 76-93 kPa (the atmospheric pressure at Denver,
Colorado is ~86 kPa). This collection system was allowed to equili-
brate for ~1 h before two 51-cm?® evacuated cylinders were used to take
gas samples for compositional analysis and H,S precipitation. Exper-
iments on the influence of the collection pressure on the sulfur isotopes
yield negligible differences with a standard deviation (£0.3%o), almost
within the measurement error. The expelled oil generated in the hy-
drous pyrolysis experiments was collected from the surface of the water
at the end of the experiment with a Pasteur pipette and a benzene rinse
as described by Lewan (1997). The water recovered from the reactor
was filtered (0.45 wm) and an aliquot immediately analyzed for pH and
Eh at room temperature. The remaining water was sealed with a
minimum amount of air space and was analyzed for sulfide and sulfate
within 3 d. Rock chips were removed from the reactor and dried in a
vacuum oven at 50°C for 24 h. The dried rock chips were pulverized
and bitumen was extracted in a Soxhlet apparatus for 72 h with an
azeotropic mixture of CH,Cl, and MeOH. The refluxed solvent was
filtered and the bitumen was concentrated by rotary vacuum evapora-
tion and weighed.

The first gas cylinder collected from the reactor was purged with
nitrogen into a AgNO5/ NH,OH solution to precipitate the H,S ., as
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Table 2. Sulfur content (mgS/g Total S) of the different sulfur species after 72 hrs hydrous pyrolysis at temperatures noted in table. The maximum
error for these results is <10% from the total amount of sulfur in the unheated rock.

Pyrolysis Bitumen  Kerogen Total Total Pyrite
temperature (°C)  Oil (OS) (BS) (KS) HSa” AVSag  AVSioy AVS  SOsnq)  SOsacidrocky  SOaworocky  Sulfates  (disulfide)
Unheated — 232 851.0 — — 8.3 8.3 — 232 61.3 84.4 33.1
200 0.0 71.2 654.0 104.3 16.6 13.2 29.8 18.2 41.4 18.2 77.8 62.9
260 1.7 220.2 269.9 3195 39.7 9.9 513 16.6 28.1 26.5 71.2 67.9
300 18.2 162.3 89.4 509.9 54.6 11.6 679 21.5 29.8 21.5 72.8 81.1
320 41.4 120.9 79.5 538.1 59.6 11.6 71.2 232 41.4 83 72.8 76.2
340 86.1 48.0 59.6 566.2 61.3 26.5 87.7 28.1 36.4 16.6 81.1 71.2
365 82.8 29.8 414 619.2 54.6 33.1 86.1 28.1 21.5 31.5 81.1 59.6
340 (dry)* 0.0 74.5 135.8 625.8 — 18.2 18.2 — 46.4 36.4 82.8 61.3
340(iso.Kerogen)® 91.1 57.9 66.2 478.5 69.5 5.0 74.5 n.d.? n.d. n.d. n.d. 41.4
Unheated iso. — — 761.6 — — — — — — — — 48

kerogen®

# Experiment with 200g rock and no addition of water.
® Experiment with 40g isolated kerogen and 450g of distilled water.

¢ The gas quantities were corrected by adjusting the amount of gas to fit the total mass of sulfur in the unheated rock.

4 Not detected.

Ag,S. The solution was then filtered and the Ag,S dried in an oven at
120°C. The second gas cylinder was subjected to gas analysis per-
formed on a Wasson Modiro HP gas chromatograph using a modified
version of the ASTM D2650-88 method to determine mole percent-
ages, which were converted to mole and mass units assuming ideal gas
behavior at room temperature.

The pulverized and extracted rock from each experiment was se-
quentially collected and gravimetrically analyzed by the separation
procedure of Tuttle et al. (1986). The first step is water extraction of the
rock to remove the water soluble sulfate (SO,>~ (w-rocky)- Then the
finely ground 5-g samples were treated in an inert atmosphere with hot
6 N HCl for 30 min to dissolve the acid-soluble sulfates
(SO4(acid-rocky) and to form H,S from the decomposition of mono-
sulfide minerals (acid-volatile sulfur, AVS ). The same treatment
was applied to the recovered water (20 g) of each experiment to
quantitatively collect the dissolved H,S,q, and HS™ o) (AVS,,)) and
sulfate (SO,*~ (agy). Stannous chloride was added to samples to prevent
oxidation of the evolved H,S by Fe®" which may present in the
solution. The H,S was collected as Ag,S and the sulfate as BaSO,.
Disulfide minerals (mainly pyrite) were reduced in a hot, acidified
Cr(II) solution in a nitrogen atmosphere to form H,S that was collected
as Ag,S. This method has been shown to cause minimal damage to the
organic matter in comparison to other methods (Acholla and Orr,
1993). Precision of the sulfur-species analyses was *10%. The residual
matter (mostly kerogen and some silicates) was dried and weighed.

2.5. Speciation of Elemental Sulfur

Elemental sulfur was determined according to Tuttle et al. (1986) by
extracting three selected samples (unheated, 200°C, 340°C HP exper-
iments) with acetone. Only trace amounts of elemental sulfur were
detected, within the measurement error. All the samples were also
Soxhlet extracted with addition of Cu® curls as previously described.
With the exception of the dry-pyrolysis rock, no formation of CuS
occurred, which indicates the absence of elemental sulfur.

2.6. X-Ray Diffraction

Pyrite content was also measured by using X-ray diffraction (XRD)
on each residual rock after removing its carbonate minerals with 6 N
HCI for 2 h. The residual powdered rock was randomly packed in
aluminum holders and analyzed with a Philips diffractometer in Bragg-
Brentano geometry using a Cu tube operated at 40 kV and 20 mA with
fixed 1-degree divergence slit, graphite-diffracted beam monochroma-
tor, scintillation detectors, and NIM-counting electronics. Changes in
pyrite content of the samples were determined by comparing the
intensity of the 1.633-A pyrite peak to the intensity of the 26.68-A
quartz peak as a decimal fraction. XRD was also used to detect the
presence of pyrrhotite in several of the bitumen-extracted residual
rocks. However, a standard of pyrrhotite (research grade Ward’s

49V5885) and marbleized Leadville Limestone (Waupaca Northwoods
LLC) showed that pyrrhotite concentrations of less than 1 wt% would
not be detected by XRD.

2.7. Elemental Analyses and Stable Sulfur Isotope Measurements

The expelled oil, extracted bitumen and kerogen (residual matter
after sulfur specification) were subjected to elemental analysis for C, H,
N, and S using a Carlo Erba 1106 elemental analyzer. Analytical error
was +0.15 wt% for carbon and +0.3 wt% for sulfur. S of the
precipitated Ag,S, and BaSO,, and the organic samples were measured
by a continuous-flow elemental analyzer connected to a Finnigan /Mat
Delta Plus stable-isotope ratio monitoring mass spectrometer (EA-
irmMS). Sulfur isotope compositions are expressed as per mil (%o)
deviations from V-CDT (Vienna Canyon Diablo Troilite) standard
using the conventional delta notation with a standard deviation better
than 0.3%o (n = 2). The measurements were directly calibrated against
sulfur isotopic standards TAEA-S-1 (Ag,S, —0.3%c) and NBS-127
(BaSO, +20.3%0) with a standard deviation less than 0.2%o (n = 3).

2.8. Mass Balance

Mass balance calculations were carried out based on the quantitative
results for all analyzed sulfur species. The total mass of sulfur in each
experiment was corrected to the unheated total sulfur value by adjust-
ing the amount of S in H,S of the gas phase, because the gas measure-
ments have the largest expected error that in some cases exceeded 10%.
H,S dissolved in the oil could be part of this balance problem. How-
ever, a positive correlation was not observed between H,S mass error
and amount of oil generated. In all cases, the total sulfur mass balance
error was less than 10%. The isotopic mass balance for total 5**S
resulting from the calculations of all experiments had a standard
deviation of 0.4%o.

3. RESULTS

3.1. Character of Initial Sulfur in Unheated Rock

Elemental sulfur could not be detected in the unheated
rock. This is in agreement with other studies of this area
(Dinur et al., 1980). A relatively low pyrite S content of ~3
wt% of total S in the rock was measured (Table 2). The
pyrite in this unheated sample is ca.30%o isotopically lighter
than the organic sulfur (Table 3). This difference is in the
upper range for A for immature samples of this

organic-pyrite
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Table 3. Sulfur 8**S (%o) data values measure for each sulfur species after 72 hrs hydrous pyrolysis at temperatures noted in table. Measurement

error is better than =0.3%0 (n>2).

Pyrolysis Oil Bitumen  Kerogen Total Total Pyrite
temperature (°C) (0S) (BS) (KS) HS(gas) AVSng AVSioy AVS  SOung)  SOuqcidrocky  SOaw-rocky  Sulfates  (disulfide)
unheated — 2.6 0.6 —4.6 —4.6 6.7 =57 -23 —29.9
200 — 0.8 0.7 —0.5 -1.3 0.0 —0.7 =57 1.3 =55 -19 —252
260 0.7 0.8 1.0 1.1 1.3 -3.1 0.4 —6.1 29 —5.6 -22 —23.6
300 1.6 1.5 1.6 0.2 0.5 0.4 0.5 —59 3.6 -53 -1.8 —21.6
320 1.7 1.4 2.0 0.9 1.0 -0.5 0.7 —-59 1.5 =51 -1.6 —22.7
340 2.4 1.9 2.6 1.2 0.2 0.2 0.2 =57 25 —54 -19 —23.6
365 23 2.0 2.1 2.0 1.4 -22 0.1 =55 5.5 —54 -2.5 —27.8
340 dry* — 23 2.0 0.5 -0.5 —05 — 0.9 =57 -2.0 —254
340(iso.Kerogen)® 1.9 1.2 n.a.® 1.7 1.6 0.6 1.5 — — — — —29.3
Unheated — 0.6 — — — — — — — — —29.2

iso.kerogen®

# Experiment with 200g rock and no addition of water.

® Experiment with 40g isolated kerogen and 450g of distilled water.

¢ measurment not available.

area (Dinur et al., 1980; Aizenshtat and Amrani, 2004a) as
well as other locations of immature sedimentary rocks
(Anderson and Pratt, 1995). The very large sulfur isotopic
difference might indicate a very early open system for
sulfate reducing bacteria (SRB), which later became a closed
system resulting in much heavier §**S values of sulfate
(Aizenshtat and Amrani, 2004a). This explanation is sup-
ported by the §**S results of sulfates in the present study.
Sulfate S is only ~8% of total S with §**S values ranging
between —5.7 to + 6.7 (Table 3). These relatively low §°*S
values could not have resulted from residual marine sulfate
(+20 £ 2%o). The extensive sulfate reduction evident in the
formation of Type-IIS kerogen should have left the residual
sulfate even heavier than the original marine values. The big
534S difference between the water-soluble (-5.7%o) and acid-
soluble sulfates (+6.7%o) in the unheated rock can be ratio-
nalized by different times of crystallization. The acid-solu-
ble sulfate is mostly associated with carbonates, which
trapped sulfate during the earlier stages of formation (Staudt
and Schoonen, 1995) whereas the water-soluble sulfate
could be from secondary oxidation of organic sulfur or
sulfide minerals. This is supported by the similar §**S values
of water-soluble sulfate and the mineral sulfides (AVS,, .y,
Table 3). Only a small amount of acid-volatile sulfide
(AVS,;ociy) minerals could be detected (< 0.1% w/w of total
S). We suggest that the pyrite is formed early, whereas the
AVS o 1s formed later with secondary organic sulfur
enrichment. This is contrary to the results reported for the
Monterey Formation (California, USA; Miocene) by Zaback
and Pratt (1992). It is possible that the timing of SRB
activity and the closing of the water-sediment interface were
different in the case of the Senonian basins, hence the much
heavier range of pyrite 6**S values. The bitumen fraction of
the unheated rock contains 2.4% of the total sulfur in the
sample with a 8°*S value that is heavier than the kerogen by
2%o (Table 3). In most of the samples from this area (Mishor
Rotem), the bitumen was **S-enriched relative to the kero-
gen. However, the 8**S values recorded for the various
sulfur species of different sites in the Dead Sea area show
wide variability (Aizenshtat and Amrani, 2004a)

3.2. Organic Sulfur

Hydrous pyrolysis experiments generate five phases that con-
tain organic sulfur: kerogen (KS), bitumen (BS), expelled oil (OS),
water-soluble organic compounds, and sulfur containing gas com-
pounds. We assume that the latter two are quantitatively negligi-
ble, and therefore, they are not addressed in the present study.
Table 1 shows the variations in these organic phases with increas-
ing experimental temperatures. The amount of bitumen increases
with temperature to 300°C and then decreases as generated ex-
pelled oil continues to increase with increasing temperatures. This
bitumen-oil relationship has been previously observed in hydrous
pyrolysis experiments and explained by kerogen initially decom-
posing to a polar-enriched bitumen and subsequent decomposition
of bitumen to hydrocarbon-enriched oil (Lewan, 1985). With the
exception of bitumen above 300°C, the atomic S/C ratio decreases
in all the organic phases with increasing experimental temperature
(Fig. 1a). The residual kerogen in the lower-temperature experi-
ments has the highest S/C and from 340°C the bitumen has the
higher S/C values. The wt% S in each organic phase (Fig. 1b)
shows a similar decrease with increasing temperature for the oil
and kerogen but the sulfur content of the oil remains the same or
higher than the kerogen. Similar results have been reported for
hydrous pyrolysis experiments on Monterey kerogens (Baskin and
Peters, 1992; Nelson et al., 1995). The bitumen above 300°C
shows an increase in sulfur with increasing temperature and this
increase explains the essentially constant atomic S/C ratios ob-
served at the higher temperatures (Fig. 1a). Table 2 shows that
more sulfur is retained in the organic matter of the dry pyrolysis
experiment than in the hydrous pyrolysis experiment at 340°C.
This observation has been previously reported and attributed to
sulfur cross-linking reactions being promoted under dry pyrolysis
conditions (Lewan, 1997).

Figure 1c shows the effect of experimental temperature on
the 8**S of the organic species. It is clear from the results and
in accordance with organic maturity parameters (Table 1) that
as thermal maturity increases, the organic sulfur phases are
enriched in **S. Except for the unheated sample, the bitumen is
always lighter than the residual kerogen, and the expelled oil
becomes heavier than the kerogen above 340°C. In general, the
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Fig. 1. Organic sulfur in residual kerogen, bitumen, and oil as a
function of hydrous pyrolysis temperature. (a) Atomic S/C atomic
ratios. (b) S wt%. (c) 8*S (%o).

§°*S differences between the various organic species are very
small (less than 1%o).

The overall change between the 8**S of oil and the organic
sulfur in the kerogen of the unheated sample is about + 2%o.
This small value was also observed in dry pyrolysis experi-
ments of sulfur-rich kerogens from the Monterey Formation
(Idiz et al., 1990).

3.3. Sulfides

As shown in Table 2, the amount of sulfides in the gas phase
(H,S 4as)) 18 about one order of magnitude higher than the other
two sulfide phases (AVS o, and AVS (). HoS () has the
highest mass of all the other sulfur species above 300°C. There
is a steep increase in the amount of H,S (,,, from 200 to 300°C
and a gentler increase at the higher temperatures (Fig. 2a). The

8%*S of the H,S (,,,, shows a broken trend of **S enrichment
with increasing temperature (Fig. 2b). **S enrichment occurs
from 200 to 260°C and abruptly decreases at 300°C before
continuing to increase at the higher temperatures. This overall
34S enrichment is consistent with the §**S trend of the organic
sulfur, but the H,S (,,, is generally lighter than the organic
sulfur species. AVS (,,, increases with increasing temperature
to 340°C and decreases at 365°C (Fig. 3a). §7*S of the AVS
increases steeply between 200 and 260°C and then unsystem-
atically fluctuates between 0.2 and 1.4 %o at the higher tem-
peratures (Fig. 3b). Relatively small amounts of AVS . .,
exist in the unheated rock (Table 2) and no significant change
occurs until 340°C. At this temperature, the amount of
AVS ek begins increasing (Fig. 3a), which suggests forma-
tion of metal sulfides like FeS. Pyrrhotite or other FeS-crystal-
line forms was not detected in the recovered rocks using XRD
analyses. However, pyrrhotite is not detectable in concentra-
tions equal to or less than 1 wt%. According to the amount of
AVS o in our samples, the maximum amount of pyrrhotite
that could form is less than 0.3 wt%. Therefore, the XRD
results do not exclude the presence of pyrrhotite. The initial
8%*S of AVS e is —4.6%c. This value is lighter than the
initial organic sulfur (+0.6%0) and much heavier than the
pyritic sulfur (-29.9%o). There are big fluctuations in the §**S
values of AVS ., as a function of the experiment tempera-
tures with no apparent trend (Fig. 3b). Mass balance calcula-
tions were made (Eqn. 1) for total AVS forms (i.e., AVS .y,
+ AVS (). The amounts of this summation (AVS )
increase with increasing temperature. The §**S of the AVS ..,
increases steeply to 320°C and then remains relatively constant
at higher temperatures (Fig. 3b).

In the dry pyrolysis experiment, 8*S of H,S (. and
AVS ;o are lighter than in the hydrous experiment (Table 3).
With more of the sulfur being retained in the rock under dry
conditions (Table 2) as a result of more cross-linking, it is
expected that the §°*S of H,S (easy and AVS ., would be
heavier under hydrous conditions. §*S of H,S (eas) and
AVS o Of the isolated-kerogen hydrous experiment are re-
spectively heavier by only 0.3 and 0.4 %o than those of the
whole-rock hydrous experiment at 340°C (Table 3). This dif-
ference is within the measurement error.

3.4. Sulfates

Figure 4a shows the quantitative distribution of sulfate spe-
cies vs. experimental temperature. Except for the unheated and
365°C samples, the SO,* yrocto a0d SO, (eid-rocio TE €S-
sentially mirror images with no systematic trends at the inter-
mediate temperatures. The amount of SO427(aq) remains essen-
tially constant from 200 to 260°C, but increases steadily at the
higher temperatures. The total amount of sulfates shows a
gentle decrease from the unheated sample to 260°C, a constant
concentration from 260 to 320°C, an increase to 340°C, and a
constant concentration to 365°C. The unheated 8°*S values of
the different sulfate species vary significantly from —5.7%o for
SO (woroeky 10 + 6.7%0 for SO, (iiqrock, (Table 3). As
shown in Figure 4b, the water-soluble forms of sulfate have
similar §°*S values that suggest they have a similar source.
There is essentially no change in their §**S with increasing
temperature. In contrast, acid-soluble sulfate §**S values are
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Fig. 2. H,S in the gas phase (H,S,) as a function of hydrous
pyrolysis temperature (°C). (a) Amount of H,S,,, in mgS/g Total S,
where Total S refers to total sulfur in the original unheated rock. (b)
8%*S (%o) values of H,S, zy)-

consistently heavier and change dramatically with temperature.
Although this change is not systematic with temperature there
is a good negative correlation between the 6*S and amount of
SO, (acidurocky (Fig. 4c). This suggests addition of **S-de-
pleted sulfur species into SO,>” (ucid-rock, Crystalline form. No
isotopic exchange with other sulfur species is suggested be-
cause the total sulfate mass-balance calculation shows small
fluctuations within a standard deviation of = 0.3%e. The only
transformations were between the sulfate species with addition
or depletion of isotopically lighter water-soluble sulfates and
no recrystallization of the initial acid-soluble sulfate. There-
fore, we conclude that no significant thermochemical sulfate
reduction (TSR) occurred within the source rock under our
experimental conditions. The dry pyrolysis experiment has
similar results to the hydrous experiment at the same temper-
ature (i.e., 340°C) with no change in the amount and isotopic
values of total sulfates.

3.5. Pyrite

Disulfide minerals are referred to as pyrite in this paper
because XRD analyses detected no other disulfide minerals.
As expected (Anderson and Pratt, 1995; Aizenshtat and
Amrani, 2004a), pyrite is the most **S-depleted species
relative to all other sulfur species. The 8°*S of pyrite in the
unheated rock is —29.9%o (Table 3). With increasing exper-
imental temperature (Fig. 5a), pyrite becomes isotopically
heavier to a maximum of —21.6%0 at 300°C followed by
decreasing **S values at the higher temperatures. However,

it does not return to the initial §°*S value of the pyrite in the
unheated rock. Because pyrite is the most **S-depleted spe-
cies in the system, this change in 8**S may be the result of
(i) isotope exchange with heavier sulfur species or (ii) ad-
dition of heavier species of sulfur cleaved off the organic
matter during the hydrous pyrolysis experiments to form
secondary pyrite. The first explanation (i) is ruled out be-
cause the nonpyritic sulfur species should be **S depleted
according to mass balance calculations, however, these sul-
fur species become **S enriched (Table 3). The second
explanation (ii) is more likely and is supported by the
increase and decrease in the amount of pyrite that parallels
the changes in 8**S of the pyrite (Fig. 5a and 5b). The pyrite
quantity positively correlates with the §**S values (Fig. 5c).
This suggests secondary pyrite formation from sulfur species
that are isotopically heavier than the initial pyrite at the
lower temperatures and then, as the temperature rises above
300°C, pyrite starts to decompose. This is supported by the
ratio of pyrite to indigenous quartz determined by XRD
analysis in the recovered rocks (Fig. 5d). The results show a
similar trend to that in Figure 5 with the exception of peak
secondary pyrite formation occurring at 320°C and not at
300°C, as shown by the quantitative and isotopic analyses.
This discrepancy is considered to be a result of the semi-
quantitative character of the XRD method. The dry pyrolysis
experiment showed slightly lower pyrite formation and §°*S
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Fig. 3. Acid-volatile sulfur species in the recovered water (AVS ),
acid-volatile monosulfides in the recovered rock, (AVS, ), and sum-
mation of acid-volatile sulfur in the water and the rock (AVS ., as
a function of hydrous pyrolysis temperature (°C). (a) Amount in mg S/g
Total S in original rock. (b) 8**S (%) values.
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in comparison with the hydrous experiment at the same
temperature.

3.6. Sulfur Mass Balance

The isotope mass balance was calculated according to the
general equation

8T = X8504 + y8pyrite + ZSOtganic’ . (1)
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Fig. 5. Disulfite (pyrite) as a function of hydrous pyrolysis temper-
ature (°C). (a) 8*S (%o) values. (b) Amounts in mg S/g Total S in
original rock. (c) 8**S (%o) of pyrite as a function of amount of pyrite
(g S/200 g rock). (d) Semiquantification of pyrite relative to indigenous
quartz by X-ray diffraction.

where 8 values are in %o for each sulfur species, x,y,z. . ., which
represent the mass fractions of sulfur in each form. The calcu-
lated results showed very similar §°*S values for all experi-
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Fig. 6. Sulfur content in each sulfur species in mg S/g Total S in
original rock as a function of hydrous pyrolysis temperature (°C) and
the unheated sample.

ments with an average of —0.9 = 0.4%o. This compares well
with the unheated whole rock 8**S value of —0.7 * 0.2%.

The distribution of all sulfur species during the hydrous
pyrolysis experiments is characterized mainly by the sharp
decrease of sulfur content in the kerogen and the formation of
large quantities of H,S,,, during this process (Fig. 6).

The major loss of sulfur is from the kerogen, which contains
~85 to 4 wt % of total sulfur in the rock. Most of this lost sulfur
occurs as H,S, that accounts for as much as ~62 wt % of the
total sulfur and 70 wt% of the organic sulfur (365°C). This
massive loss of sulfur is responsible for the §°*S changes in all
sulfur species (except sulfate) during thermal alteration. The
rest of the sulfur is divided between the organic bonded sulfur,
pyrite, sulfate and AVS (Fig. 6). The AVS fraction increases
with increasing experimental temperature up to 9 wt %. Sulfate
S is ~8 wt % of total S with very small fluctuations as the
experiment temperatures increase. The pyritic sulfur fraction
starts at 3.3 wt % and peaks at 300°C reaching 8.3 wt % of total
rock sulfur. The bitumen sulfur increases up to 22 wt % at
260°C, and then decreases to 3 wt % at the highest pyrolysis
temperature (365°C). The expelled oil is formed mostly from
decomposition of the bitumen. The expelled oil sulfur reaches
the highest value at 340°C (8.6 wt %) and decreases slightly to
8.3 wt % at 365°C.

4. DISCUSSION
4.1. Isotopic Equilibrium: Open or Closed System

The present set of hydrous pyrolysis experiments was con-
ducted in a closed thermally controlled system. Hence, reactive

25
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Fig. 7. 8™S (%) values of H,S,,,, and AVS(aq) as a function of
hydrous pyrolysis temperature (°C).

sulfur species may equilibrate under in situ conditions (See-
wald, 2001). These reactions in turn can lead to isotopic ho-
mogenization of the different sulfur species in the system.
During our experiments, high amounts (Table 2) of sulfides are
produced and maintained through several reversible processes
that include different sulfur species and phases. The most
obvious equilibrium reactions in our system are between

H,S 4oy and AVS,, ) as follows:
H3S (e = HaSag) (2)
H,S g 2 HS ) + H) 3)

In each of our experiments, we produce three very different
pressure and temperature conditions. One is during hydrous
pyrolysis, where both experimental temperature and pressure
are maintained for 72 h. The second is during cooling of the
reactor (at least 18 h) resulting in decreasing temperature and
pressure. The third is after cool down when pressure decreases
while collecting the generated gases (76-93 kPa; see Experi-
mental). In each stage, there are different equilibrium constants
and therefore, different partitioning between the gas and aque-
ous phases. Because we did not perform in situ measurements
we deal with the overall changes resulting from these three
stages. Comparison of the §°*S of AVS,,,, species to the
H,S ., (Fig. 7) shows similar values (except for the 340°C
experiment), which suggests an isotopic equilibrium between
these sulfide species has been reached. In contrast, the metal
sulfides represented by the AVS .., show no correlation be-
tween their 8>S values and those of the other sulfides (Table
3). This lack of correlation suggests that the AVS,, ., within
the bitumen-impregnated rock may not be in equilibrium with
the other sulfides at the collection conditions. Laboratory ex-
periments with 33S-labeled sulfur species showed rapid (less
than 1 h) isotope exchange between H,S, S, S, "% and FeS at a
pH 7.6 and 20°C (Fossing and Jorgensen, 1990). They suggest
that this isotope exchange occurs via polysulfide formation.
When no elemental sulfur is present in the system no polysul-
fides are formed (under reducing conditions). Hence, HS™ and
FeS reach only partial isotope exchange, at a relatively slow
rate (24 h). In our experiments, only negligible amounts of
elemental sulfur were detected. Moreover, at pH values of 6.6
* 0.1 that prevail in our experimental system at ambient
conditions during product collection, polysulfides are not stable
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(Schwarzenbach and Fisher, 1960; Boulegue, 1978; Boulegue
and Michard, 1978). This can explain the §*S differences
between metal sulfides and other sulfide species in our system.

Significant amounts of H,S,,, that we collected under re-
duced pressure are actually dissolved in the water phase and
organic phases at the experimental temperatures. At these ex-
perimental temperatures, two main processes occur simulta-
neously: (1) Sulfur cleavage from the organic matter as radicals
extract hydrogen to form stable bisulfide or hydrogen sulfide;
and (2) Sulfur introduction into organic matter mainly via
radical attack (Aizenshtat et al., 1995; Krein and Aizenshtat,
1995). The rate of the first process must be higher than the latter
because there is a decrease in the sulfur content of the organic
matter with increasing temperature (Fig. 1a,b). These processes
yield stabilized organic sulfur mainly as thiophene functional-
ity (Nelson et al., 1995). Seewald (2001) suggested aqueous
organic compounds and iron-sulfide minerals (pyrite, pyrro-
hotite, magnetite) attained metastable thermodynamic equilib-
rium under hydrous pyrolysis conditions (300 to 350°C). Dur-
ing the stabilization and rereaction of sulfur with the organic
matter (Krein and Aizenshtat, 1995), isotopic exchange with
the large sulfur pool involving HS™, H,S, and FeS could occur
under equilibration conditions. In a closed system, this would
minimize the larger possible isotope kinetic effect during the
cleavage of C-S and S-S bonds (Aizenshtat and Amrani, 2004b;
Amrani et al., 2005b).

In contrast, in an open-system the generated sulfur would be
immediately removed from the system and a maximum isotope
fractionation would occur. Previous experiments conducted
under open-system conditions using rocks and isolated kerogen
with high-sulfur contents, showed a much higher isotopic dis-
crimination between the released H,S and the residual organic
sulfur fractions of kerogen and bitumen (Stoler et al., 2003).
Similar results were obtained for a synthetic polysulfide cross-
linked polymer in open-system pyrolysis (Amrani et al.,
2005b). The gradual increase in temperature (1 to 10°C/m.y.),
the limited void space in fine-grained rocks (5 to 10% porosity),
and high lithostatic pressures (70 to 150 MPa) in the subsurface
make it difficult to categorically assign a closed or open system
to natural thermal maturation and petroleum generation. Noting
the amount of isotopic fractionation in natural subsurface sulfur
species may help determine the level of openness in natural
geological systems.

4.2. Pyrite Stability
4.2.1. Secondary Pyrite Formation and Decomposition

It has been shown that the secondary pyrite formed at tem-
peratures of 300°C or less is **S enriched compared with the
unheated pyrite (Fig. 5a). Formation of the secondary pyrite
requires a source of additional iron in the rock. This is sup-
ported by the observation that no secondary pyrite appears to
have formed in the isolated-kerogen experiment at 340°C. The
amount of pyrite in this experiment is ~40 wt% less than that
in the whole-rock experiment at the same temperature (Table
2). In addition, the 8**S of the pyrite in the isolated-kerogen
experiment (-29.3%o) is similar to that of the original unheated
kerogen (-29.2%o).

Figures 5a and 5b show that pyrite decomposition above

300°C leads to **S-depletion. This trend can be interpreted to
result from the isotopically heavier secondary pyrite being
preferentially decomposed relative to the original pyrite. It is
possible that this secondary pyrite is less stable or more sus-
ceptible to decomposition. Previous studies on pyrite structure
and its abundance in samples of bituminous rocks of the Dead
Sea area have reported that pyrite occurs as both framboids and
single crystals (<50u), which are typically coated with organic
matter (Spiro, 1980; Spiro et al., 1983a,b). This coating may
protect the original pyrite from decomposition at the higher
temperatures. Conversely, some of the secondary pyrite may
reside in the contact zone of the water-rock interface making it
more susceptible to aqueous dissolution resulting in its prefer-
ential degradation.

Seewald et al. (1994) suggested pyrite recrystallizes to pyr-
rhotite between 325 and 400°C in hydrous pyrolysis experi-
ments according to the following equation:

FeS, + H, - FeS + H,S )

The presence of molecular hydrogen and negative Eh values
(Eh = —345 to —373 mV) measured at room temperature
during product collection suggest that reducing conditions ex-
isted and therefore, could have been favorable for pyrrhotite
formation. Figure 8 shows the sharp increase in AVS,, ., as
the pyrite abundance decreases at temperatures higher than
300°C. Calculation of pyrite S mass loss from the peak forma-
tion at 300 to 365°C and the S mass added to the AVS .,
reveal similar quantities (~0.15 g). AVS ., represents sulfide
containing minerals, which includes pyrrhotite. If pyrrhotite is
the main mineral being formed, then an additional source of Fe
is needed. According to Eqn. 5, 1 mol of pyrite produces 2 mol
of iron monosulfide:

FeS, + Fe’* + H, - 2FeS + 2H" 5)

Similar to the needed Fe for formation of the secondary pyrite,
the Fe needed to form an iron monosulfide like pyrrhotite is
likely to have come from the rock. Unlike other carbonaceous
rocks of the Zefe Efe’ deposit, the Ghareb Limestone is rela-
tively rich in Fe with values from 0.8 to 1.1 wt% (Spiro, 1980).
The peak formation of the secondary pyrite requires only a
quarter of this Fe, with the remaining Fe being more than
sufficient to source formation of pyrrhotite.

4.2.2. Geochemical Implications for Secondary Pyrite
Formation

Pyrite is believed to be the isotopic marker for bacterial
reduction of sulfate during diagenesis (Anderson and Pratt,
1995; Goldhaber, 2004; Aizenshtat and Amrani, 2004a). How-
ever, the results of the present study provide new insights on
the applicability of pyrite as an isotopic marker in thermally
mature rocks. In natural maturation, thermal decomposition of
pyrite is not expected, because the catagenic temperatures are
much lower than in our experiments. However, other chemical
conditions may develop and effect pyrite stability (Seewald,
2001). It is suggested that during catagenetic processes, sec-
ondary and isotopically heavier pyrite is formed (< 300°C) as
long as available iron is present, and therefore, the isotopic
difference between pyrite and organic sulfur decreases. This
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may erase the original diagenetic isotopic signature and quan-
tity of pyrite and cause erroneous interpretations of the early
diagenetic conditions of a rock.

4.3. 8*'S Value of Thermally Formed Early Cleaved
Sulfur

4.3.1. Direct Measurement

The kinetic-isotope effect (e.g., Coplen, 1993) suggests
weaker bonds will preferentially break, i.e., 328-8, C-*28, with
the cleaved sulfur being depleted in *>*S and the residual or-
ganic sulfur being enriched in **S. To evaluate this kinetic-
isotope effect during thermal maturation, we have to evaluate
the 8%*S of the early unequilibrated sulfur species that were
cleaved from the thermally matured organic matter. Figure 9
shows that H,S,,,, produced at the end of each heating exper-
iment is always lighter than the kerogen by up to 1.4%o with the
exception of the 260°C experiment. At the lowest experimental
temperature (200°C), the 8**S of the released H,S,,, Was
—0.5%0, which is 1.1%o lighter than the original kerogen that
produced it. Isotope mass balance of AVS,, shows §*S
values up to 2%o lighter than the initial organic sulfur. Since the
present experimental system is closed, the early released and
lighter isotopes may equilibrate with other sulfur species (as
discussed previously) leading to a smaller apparent fraction-
ation.

In the 340°C experiment, a new silver coated gasket was
used to seal the reactor. Upon opening the reactor at the end of
the experiment, Ag,S crystals were observed on the reactor
gasket. The 8°*S of these crystals was —2.2%o, which is more
depleted in **S than the H,S, ., by 3.4%0, the unheated kero-
gen by 2.8%o, and the heated residual kerogen by 4.8%o. The
amount of the sulfur deposited on the silver-coated gasket is
small and cannot balance the isotopic fractionation of the other
sulfur species (e.g., H,S and organic). However, assuming it
represents early formed H,S,,,), it provides evidence that the
early released sulfur is isotopically lighter than the later-formed
sulfur in the system. The magnitude of this early fractionation
for synthetic polysulfide cross-linked polymers and isolated
kerogen has been shown to be in the range of 6 t013.9%o as
determined by pyrolysis experiments under closed and open
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Fig. 9. 8*S (%o) values of residual kerogen sulfur (KS) and H,S (gas)
as a function of hydrous pyrolysis temperature (°C).

vessel conditions (130 to 300°C) for short time periods (Am-
rani et al., 2005a; b).

4.3.2. Isotope Mass Balance Calculations of Secondary
Pyrite 8*S

It is evident from the experimental results that virtually all
sulfur species (except sulfate) become isotopically heavier rel-
ative to the unheated rock with increasing thermal maturation
(Table 3). However, a good isotope mass balance is obtained
for all the experiments and indicates that lighter isotopes must
be incorporated into one or more of the different sulfur phases.
As discussed in the pyrite section, secondary pyrite formation
has been observed. The sulfur source for this pyrite is probably
sulfur species that are cleaved from the kerogen. To determine
the isotopic value of this additional sulfur, isotopic mass-
balance calculations were made on pyrite. These calculations
are based on the assumption that the original pyrite did not
react and therefore has the initial unheated pyrite 8**S value.
The following isotope mass balance equation was used:

8™ secondary pyrite= (8" Spyrice 19 = (1 = x)8S e )/ (x)  (6)
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Fig. 10. 8**S (%0) values of the incremental and cumulative sulfur
added to form secondary pyrite as a function of hydrous pyrolysis
temperature to and including 300°C. Above 300°C, the incremental and
cumulative 8**S (%o) values represent the released sulfur formed by
secondary pyrite decomposition. These values were calculated accord-
ing to mass balance Eqns. 6 and 7 based on data presented Tables 2
and 3.
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Where T = previous temperature, i = increment tempera-
ture, and X = the secondary pyrite S mass fraction added to the
pyrite at the previous pyrolysis temperature. The 8**S values of
the additional sulfur according to these calculations are shown
in Figure 10. The early production of secondary pyrite at 200°C
gave a calculated 8°*S value of —20.3%o and the largest quan-
tity of added sulfur. The incremental secondary pyrite between
200 and 260°C has a much heavier 8*S of —0.6%o that
decreases at higher temperatures (260 to 300°C) to —12.4%eo.
The cumulative secondary pyrite formed from unheated to
300°C has a calculated 8**S of —16.1%o. These calculations
suggest that the early cleavage S from the kerogen is isotopi-
cally much lighter than what was measured in any of the other
phases. These values can balance the other isotopically heavier
sulfur species in the organic and gas phases.

The decomposition of pyrite above 300°C releases isotopi-
cally heavier sulfur in comparison to the unheated pyrite as
determined by the following mass balance equation:

834Sreleased pyrile: (834Spyrile (ON ( 1 - Y) 834Spyrile (T+i))/y (7)

where y is the pyrite S mass fraction, released from the pyrite
at a previous temperature greater than 300°C. According to
these calculations, the released sulfur value is between —1.4%o0
to —12.4%o (Fig. 10), which suggests secondary pyrite prefer-
entially decomposes at higher temperatures.

The results of these mass-balance calculations demonstrate
the important role of sulfide minerals in trapping the early
released and light sulfur isotopes that were produced by ther-
mal decompositions of organic sulfur. The removal of light
sulfur isotopes from the system gradually increases the **S
enrichment of the residual sulfur fractions, and especially the
organic sulfur. The magnitude of this fractionation is dependent
on the amount of available iron or other metals in the system.

4.4. Reaction Mechanisms of Organic Phases

The present work identifies trends that are based on the
transformation of kerogen to bitumen and bitumen to oil (Le-
wan, 1983; Baskin and Peters, 1992) as well as the coinciding
sulfur-functionality transformations. The initial steep part of
H,S .., generation below 300°C (Fig. 2a) mainly represents
the cleavage of weak poly sulfide (S-S) bonds in the kerogen as
it decomposes to bitumen (Nelson et al., 1995). Initially, the
poly *2S-*2S bonds will be preferentially broken to give **S-
depleted H,S ., at relatively low temperatures (Fig. 2b). This
early-cleaved sulfur reacts with available iron to produce sec-
ondary pyrite (Fig. 5b) with the excess being released to the
water and gas phases. As the reaction proceeds with increasing
temperature, more of the *2S-**S bonds will be broken and the
H,S 4as) Will become more **S enriched. During this stage,
some of the kerogen sulfur is also transferred to the bitumen,
probably as C-S bonds in the polar fraction are cleaved. As
shown in Table 1, the amount of bitumen is still increasing at
300°C, but some of it is breaking down to a hydrocarbon-
enriched oil. This represents the breaking of more C-S bonds in
the bitumen, which results in free radicals that initiate the
low-thermal stress cleavage of C-C bonds in bitumen to form
oil (Lewan, 1998). This C-C cleavage may also be enhanced by
sulfide minerals (Seewald, 2001) that formed and decomposed

(Fig. 8). The cleavage of C-S bonds in bitumen to oil would
generate less H,S than the cleavage of S-S bonds from kerogen
to bitumen (200 to 300°C) as shown in Figure 2a by the gentler
slope. The 8**S plot in Figure 2b suggests this new source of
H,S is initially very **S depleted, which when added to the
early poly S-S source results in a lowering of the §**S value. As
more C-S bonds are broken in the bitumen with increasing
thermal maturation, more of the stable C->*S bonds break,
which results in an increase in the &**S value as shown in
Figure 2b. As shown in Figure 6, the sulfur content in the
bitumen first increases to 260°C and the 8**S of the generated
bitumen remains constant (Fig. 1b). As thermal maturity in-
creases, the sulfur in the bitumen decreases as the bitumen
decomposes to oil. During this process, the bitumen §*S
becomes lighter compared to the oil due to the more stable
C-**S bonds that are broken. The amount of S in the oil that is
forming from the decomposition of the bitumen increases as
shown in Figure 6 to 340°C and remains essentially constant to
365°C. The &°*S values of the oil during this stage become
heavier, and are heavier than coexisting bitumen with increas-
ing thermal maturation. When the oil sulfur yield becomes
essentially constant from 340 to 365°C, so do the 8**S values.
The similar quantities of H,S generated in the dry pyrolysis
(gas = 6.26 wt% S) and in the hydrous experiment (aqueous +
gas = 6.28 wt% S) indicate that the added water in hydrous
pyrolysis experiments is not a critical source of hydrogen for
the formation of H,S (Table 2).

4.5. Implications for Petroleum Correlations
4.5.1. Hydrogen Sulfide—Oil Correlation

It is evident from our experiments that the thermally formed
H,S ) 18 348 depleted in comparison to the coexisting oil,
although the difference is relatively small. Therefore, we would
expect that if the sole source of H,S,,, is the thermal desul-
furization of organic matter in a source rock, 8**S of the
generated H,S,,,, will be the same or slightly depleted in **S
compared to generated oils under closed-system conditions.
There are only a few studies that report 8°*S of oil and asso-
ciated hydrogen sulfide in natural reservoirs. These studies
involved well-developed oil fields (10-30 yr), which could
affect the original isotopic characteristic of the gases (Vreden-
burgh and Cheney, 1971). Therefore, caution should be used in
interpreting these data. In most of these §**S measurements,
H,S ., Was found to have values close to those of its coex-
isting oil (Thode et al., 1958) or **S enriched (Vredenburgh and
Cheney, 1971; Orr, 1974). Thode et al. (1958) explain this by
small isotopic fractionation between oil and hydrogen sulfide.
Vredenburgh and Cheney (1971) explained the **S enrichment
of hydrogen sulfide by preferential removal of the **S fraction
of the H,S, ., by differential migration of the oil and gas or by
chemical reaction with metals in the carrier or reservoir beds
during migration. However, it is known that only negligible
fractionation of the sulfur occurs in the formation of metal
sulfides (up to 1%eo, e.g., Price and Shieh, 1979; Wilkin and
Barnes, 1996; Bottcher et al., 1998) and therefore, even if
portions of the gas reacted with metals, 8>S of the residual gas
would not change significantly. Moreover, additional thermally
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cleaved H,S will be **S depleted in comparison the organic
sulfur as discussed previously.

Additional problems in using 8**S in correlating H,S ., to
oil may arise from reservoir processes that introduce microbial
sources of H,S or TSR. Microbial production of H,S requires
lower temperatures and in most cases generates a distinctly
light §**S value. In deep high-temperature reservoirs, TSR is
the most reasonable way to produce H,S that is isotopically
heavier than the coexisting oils (Orr, 1974; Worden et al.,
2003). As a result of these potential additional sources of H,S
in reservoirs, 8°*S correlations of hydrogen sulfide to oil are not
likely to be reliable.

4.5.2. Source Rock—Oil Correlation

Two main hypotheses on the &S relationship between
source rock and oil can be considered. The first is that only
negligible §°*S fractionation occurs during thermal cleavage of
organic sulfur, and therefore, all sulfur fractions (except for
pyrite and sulfate) in a given maturation system have similar
8%*S values (Orr, 1974, 1986). Orr (1986) concluded that
generated oils have up to 2%o. enrichment relative to their
source-rock kerogen. This suggests that §**S is a good param-
eter for source rock-to-oil correlations. Laboratory pyrolyses
further supported this assumption (Idiz et al., 1990). Similarly,
the results of the present study show fractionation within 1%o
between kerogen, bitumen and expelled-oil. Despite the agree-
ment of these results with this hypothesis, some cautionary
points need to be made. The present study shows that §**S
fractionation during early thermal cleavage of organic sulfur is
large, with values as high as 21%o. Therefore, under some
natural conditions, greater differences in 534S values between
genetically related oils and H,S gas might be possible, partic-
ularly in the early stages of oil and gas generation. It is also
important to realize that the §**S of oil is typically the collec-
tive product of different lateral and stratigraphic facies of a
maturing source rock. Therefore, the certainty of an oil corre-
lation will always be dependent on how representative the
analyzed rock samples are of the maturing source rock and its
organic facies. This caution is a concern in all oil-to-source
rock correlations (Waples and Curiale, 1999) and not restricted
to the use of 8°*S values.

The other hypothesis is that there is a large negative frac-
tionation between H,S and organic-sulfur fractions, and as a
result, the organic sulfur fractions become **S enriched (Aizen-
shtat and Amrani, 2004b). This hypothesis is based on the
results of open-system pyrolyses on isolated kerogen and bitu-
minous rocks of the Dead Sea area (Stoler et al., 2003) and on
closed- and open-system pyrolysis experiments on a synthetic
polymer and an isolated kerogen (Amrani et al., 2005a). Results
from these experiments show large isotopic discrimination be-
tween H,S,.;) and the residual organic sulfur. Additional sup-
port can be given by the finding that oils found in the Dead Sea
area are generally significantly **S enriched in comparison to
their source kerogens (e.g., Aizenshtat and Amrani, 2004b). A
more open system is suggested to be responsible for this greater
fractionation.

During thermal maturation of Type-IIS kerogen, high
amounts of H,S,,, are produced. We report in the present
study that more than 70 wt% of the original organic sulfur of

the kerogen (Fig. 6) is converted to H,S,,), which is dissolved
into the water, expelled oil and bitumen at elevated tempera-
tures (>300°C). These results suggest that in natural systems
the huge amounts of generated H,S have to accumulate some-
where or escape from the system. Accumulation could occur
through formation of metal sulfides (Worden et al., 2003)
similar to the secondary formation of pyrite in our experiments.
This process can happen in the source rock or during migration
in carrier beds that contain available iron or other metals
(Seewald, 2003). In addition, H,S is highly soluble in water
(Suleimenov and Krupp, 1994) and much of it could be lost as
an aqueous phase to formation waters of carrier beds or to
adjoining formation waters by diffusion. Preferential loss of
isotopically light H,S during maturation and migration from its
source kerogen could yield **S-enriched oil. In most cases,
petroleum reservoirs are spatially separated from their source
rock indicates that the generation, expulsion, and migration of
oil are open-system processes (Seewald, 2003). This may cause
significant isotopic discrimination between the oil and its
source kerogen. The magnitude of this discrimination is sug-
gested to be highly dependent on the mineral facies of each
reservoir and carrier bed. Therefore, correlation between oil
and its source rock using §°*S measurements can serve as a
reliable tool only when thermal maturation and petroleum
generation are in a more closed system.

4.5.3. 0il-0il Correlation

8**S values of the early- and late-generated expelled oils
have a narrow range (0.7 to 2.4 %o), which is in general
agreement with some studies of natural crude oils. Thode and
Monster (1970) reported §**S values with a standard deviation
of +2.6%o for oils from 12 fields extending over a distance of
320 km in northern Iraq. Gaffney et al. (1980) also reported
8°*S values with a small standard deviation of *+2.1%o for
Jurassic oils of different thermal maturities from an unspecified
basin. Oils in the Winnipeg—Red River, Bakken-Madison, and
Pennsylvanian-Tyler systems in the Williston basin had §**S
standard deviations of *1.2, +2.8, and =0.7 %o, respectively
(Thode, 1981). Vredenburgh and Cheney (1971) reported a
8**S standard deviation of 2.8 %o for Pennsylvanian-Permian
crude oils representing a wide range of thermal maturities in the
Wind River Basin. Manowitz et al. (1990) reported a 8*S
standard deviation of *1.8 %o for Bolivar coastal field oils that
extend over 2500 km? in northern Venezuela. Oils and heavy
oils from the Dead Sea area that are considered to be sourced
from the Ghareb Limestone have a mean §**S value of 1.6 %o
with a standard deviation of =1.2 %o (Aizenshtat and Amrani,
2004b). These natural oil values compare well with the 0.7 to
2.4 %o &**S values for the oils generated from the sample of
Ghareb Limestone used in this study (Table 3).

Although this agreement between laboratory-generated oils
and natural crude oils encourages the use of §**S in oil-oil
correlations, some caution should be taken in correlations that
involve oils that have been altered by water washing and
biodegradation. Asphaltic tars in the Dead Sea area show a
much wider range of §**S values (0.0 = 4.7%o, Aizenshtat and
Amrani, 2004b) than observed in the laboratory-generated oils
and natural crude oils. This wider range of values may be a
result of variations in the §**S of kerogen locally responsible
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for the asphaltic tars or alteration of the original oils or bitumen
by water washing and biodegradation. Thode (1981) shows
alteration of Williston-basin oils by this type of process results
in 8**S values becoming heavier by almost 7%o. Another con-
sideration in using 8**S values for oil-oil correlations is thermal
maturity of the oil. Although changes in 8°*S values of the
hydrous-pyrolysis oils became heavier by only 1.7%o, greater
fractionations due to thermal maturation of natural crude oils
have been reported. Orr (1974) reports mean &**S values
changing from —3.5 to 6.3 %o in oils from the Big Horn Basin
with increasing thermal maturity. Vredenburgh and Cheney
(1971) reports mean &8*S values from —5.0 to + 5.0, from
high-sulfur, low API gravity shallow crude oils to the low
sulfur higher gravity oils below present depths of 3300 m,
respectively. As discussed earlier, this larger difference in some
natural crude oils may be related to a more open-system during
natural oil generation than the closed-system used in hydrous
pyrolysis. Lastly, §**S variations in different organic facies of
a maturing source rock may also be responsible for the larger
variations observed in some natural crude oils. Dinur et al.
(1980) report &**S values of organic-sulfur kerogen in Ghareb
Limestone of the Dead Sea area from —10.7%o in the south
(Negev) to + 8.3%o in the north (Nebi Musa).

5. CONCLUSIONS

The present study reports quantities and stable isotopes on
organic and inorganic sulfur species at different levels of ther-
mal maturation and petroleum formation as simulated in labo-
ratory-pyrolysis experiments. The following main conclusions
have been made on the basis of these hydrous pyrolysis results
for Type-IIS kerogen in the Ghareb Limestone.

1. The most dominant sulfur transformation is the generation
of H,S s, which accounts for as much as 70 wt % of the
original organic sulfur. The H,S,,; formed during pyroly-
sis is isotopically lighter than the sulfur in the kerogen and
oil.

2. The early sulfides released are up to 21%o depleted in **S
relative to the original unheated kerogen. These early-
generated sulfides react with available metals and reach
equilibrium with other sulfur species in the system. This
results in narrowing of the isotopic differences between all
active sulfur species.

3. Secondary pyrite that is isotopically heavier than the orig-
inal pyrite forms from the early sulfides released by the
decomposition of kerogen at experimental temperatures
equal to or less than 300°C. As a result, the §**S of the total
pyrite becomes **S enriched by as much as 8.3 %.

4. At experimental temperatures above 300°C, secondary py-
rite begins to preferentially decompose relative to the orig-
inal pyrite. As a result, the §°*S of the total pyrite becomes
348 depleted by as much as 6.2 %.

5. Caution should be used in reconstructing diagenetic con-
ditions based on 8°*S of pyrite and kerogen in thermally
mature source rocks. Formation and decomposition of iso-
topically heavy secondary pyrite during thermal maturation
can mask the §*S of the original diagenetic pyrite.

6. With the increase of temperature, the organically bonded
sulfur is enriched in **S by as much as 2%o compared with

the initial §°*S values. Differences in §>*S between kero-
gen, bitumen and expelled-oil are within 1%o.

7. The main transformations of kerogen-to-bitumen and bitu-
men-to-oil are reflected in the sulfur content and §°*S of
each phase, as well as in the amount and &S of the
generated H,S ). These changes can be attributed in part
to the breakage of different C-C, C-S, and S-S bond types.

8. 83*S values can be used in oil-oil correlations, but the lack
of a correlation may indicate mineral facies changes in the
maturing source rock or a more open-system during ther-
mal maturation. More open systems are expected to have
greater differences in 8°*S values of oils at different ther-
mal maturities.

9. If sufficient information is available on the major sulfur
species (e.g., kerogen, oil, pyrite, H,S and sulfate), then
differences in their §**S values may be used to evaluate the
openness of a thermally maturing system.

10. No TSR or formation of sulfate was observed under our
experimental conditions.

11. The presence of water in the experiments at 340°C did not
make a significant difference in the amount or §**S of the
generated H,S relative to the dry pyrolysis experiment.
However, it did make a significant difference in the amount
of the sulfur retained in the kerogen by more than a factor
of two and a difference in 8**S of 0.6%o.
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