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Abstract

A series of isothermal hydrous pyrolysis experiments was performed on immature sedimentary rocks and peats of dif-
ferent lithology and organic source input to explore the generation of diamondoids during the thermal maturation of sed-
iments. Oil generation curves indicate that peak oil yields occur between 340 and 360 �C, followed by intense oil cracking in
different samples. The biomarker maturity parameters appear to be insensitive to thermal maturation as most of the isom-
erization ratios of molecular biomarkers in the pyrolysates have reached their equilibrium values. Diamondoids are absent
from immature peat extracts, but exist in immature sedimentary rocks in various amounts. This implies that they are not
products of biosynthesis and that they may be generated during diagenesis, not just catagenesis and cracking. Most impor-
tantly, the concentrations of diamondoids are observed to increase with thermal stress, suggesting that they can be used as
a molecular proxy for thermal maturity of source rocks and crude oils. Their abundance is most sensitive to thermal expo-
sure above temperatures of 360–370 �C (R0 = 1.3–1.5%) for the studied samples, which corresponds to the onset of intense
cracking of other less stable components. Below these temperatures, diamondoids increase gradually due to competing
processes of generation and dilution. Calibrations were developed between their concentrations and measured vitrinite
reflectance through hydrous pyrolysis maturation of different types of rocks and peats. The geochemical models obtained
from these methods may provide an alterative approach for determining thermal maturity of source rocks and crude oils,
particularly in mature to highly mature Paleozoic carbonates. In addition, the extent of oil cracking was quantified using
the concentrations of diamondoids in hydrous pyrolysates of rocks and peats, verifying that these hydrocarbons are valu-
able indicators of oil cracking in nature.
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1. Introduction

Thermally altered petroleum hydrocarbons,
which include light oil, condensate and gas, represent
.
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significant potential resources in deep subsurface res-
ervoirs. With exploration targets pushing to ever
increasing depth, it essential to improve our under-
standing of the evolution of such light fluids by deter-
mining their thermal maturity and sources.

Various biomarker ratios based on thermally
driven isomerizations at asymmetric carbons and
side chain positions have been used to assess the
thermal maturity of petroleum (e.g., Albrecht
et al., 1976; Seifert and Moldowan, 1980; Macken-
zie et al., 1980; Wei et al., 2001). However, because
the abundance of biomarkers in expelled oils
decreases rapidly with increasing thermal maturity,
information provided from them at or after the
peak generative stage in the oil window is limited
and they provide little insight into the thermal his-
tory of highly mature oils and condensates (Peters
et al., 2005).

Petroleum from multiple sources may charge a
reservoir over geologic time, resulting in a mixture
of hydrocarbons generated and expelled at varying
degrees of thermal maturity. Because biomarkers
from lower maturity sources dominate, source
information from higher maturity oils and conden-
sates is likely to be overlooked. Molecular and iso-
topic compositions of light hydrocarbons and gas
can provide information on higher maturity
sources (e.g., Thompson, 1983; Hunt et al., 1980;
Chung et al., 1998). Of these compounds, dia-
mondoids appear to provide reliable information
about high maturity fluids. Unlike biomarkers,
they are thermally very stable due to their unique
diamond-like cage structure. As a result, they
remain in oils and condensates over geological
time at elevated subsurface temperatures and pres-
sures after all saturated biomarkers are destroyed.
Dahl et al. (1999) proposed a diamondoid bio-
marker method based on their concentrations to
determine thermal maturity for any oil and con-
densate samples at any maturity level. The method
has proved to be a useful tool in estimating the
thermal maturity of both oils and high maturity
condensates and can be used in the recognition
of the oil deadline, the calibration of expulsion
efficiency models and the identification of mixed
sources (Dahl et al., 1998).

Although the approach has been applied to
improve our understanding of complex petroleum
systems, little work has been done to elucidate the
fundamental origins of diamondoids in source
rocks. In this study, we use hydrous pyrolysis exper-
iments to simulate and quantify the generation and
cracking of diamondoids and biomarkers from
different immature source types. The objectives
were: (1) to investigate how concentrations of differ-
ent diamondoids change through generation and
cracking; (2) to calibrate their concentrations with
measured vitrinite reflectance (R0) as a potential
molecular proxy for thermal maturity; (3) to evalu-
ate the utility of specific biomarker and diamondoid
maturity ratios through generation and cracking of
pyrolysates; (4) to determine the extent of oil crack-
ing during hydrous pyrolysis of immature rocks and
peats using the concentrations of diamondoids
generated.

2. Samples and methods

2.1. Samples

The geochemical data for the rock and peat sam-
ples used are listed in Table 1. Samples #24, an
immature Permian limestone with total organic car-
bon (TOC) = 2.4 wt%, and #27, an immature oil
shale, were collected from the Irati Formation,
Southern Brazil. The Nevada sample # V19.13 is
an immature Ordovician carbonate from the Vinini
Creek Formation. Fen and bog peats from Ger-
many are representative sources dominated by
higher land plant input. These immature peat sam-
ples have TOC values > 34% and vary in their
hydrogen index (HI) and production index (PI)
values.

2.2. Hydrous pyrolysis of immature rocks and peats

The rocks were ground to 0.5–2 cm chunks. The
chunks (ca. 30 g) and peats (ca. 10 g) were loaded
into T-316 stainless steel vessels to which 15 mL of
distilled water was added to submerge the rocks.
The vessels then were flushed with Ar for 1 min
before sealing, placed into a furnace and heated iso-
thermally for 72 h in a series of experiments with
increasing temperature from 230 up to 450 �C. After
reaction, the reactors were cooled, and the gener-
ated oil floating on the water surface and free oil
sticking to the rock chips and inner walls were
recovered by washing with CH2Cl2:CH3OH. The
washing solvents were removed using rotary evapo-
ration. The removal of water and methanol was
achieved using the funnel separatory method
described by Wei et al. (2007) and anhydrous
Na2SO4 was added to remove any residual water
from pyrolysates. The solvents were evaporated
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under a N2 flow at room temperature to minimize
loss of volatile adamantanes.

2.3. Rock-Eval pyrolysis and X-ray diffraction
(XRD)

Rock-Eval pyrolysis provides bulk information
about the model rocks and peats such as the abun-
dance of organic matter, maturity and hydrocarbon
generative potential. Measurements were made
using a Rock-Eval II Plus TOC instrument under
standard conditions (heating from 300 to 600 �C
at 25 �C/min under He flow).

XRD analysis was carried out to determine the
mineralogical composition of the immature source
rocks used in the hydrous pyrolysis experiments.
Measurements were made using a Siemens D500
X-ray diffraction system run at 40 kilovolts (kV)
and 30 milliamperes (mA). Samples were prepared
by grinding rock chips in a ball mill until powdered
(< 40 lm). ZnO standard (0.111 g) was added to
each powdered rock sample (1.000 g), which was
then ground in a McCrone mill for 5 min with
CH3OH (4 mL). Samples were dried, sieved and
side packed into a holder to ensure random orien-
tation. They were X-rayed from 5� to 65� 2h using
Cu Ka radiation at 0.02� steps and a count time of
2 s per step. The computer program RockJock esti-
mated mineral abundances, including clay minerals
(e.g., kaolinite, Ca-smectite, 1 M illite) and non-
clays (e.g., feldspar, calcite, dolomite, pyrite) from
the X-ray diffraction data. Details of the methods
used to prepare samples and determine quantita-
tive mineral amounts are described by Eberl
(2003).

2.4. Vitrinite reflectance

Vitrinite reflectance was measured on the reacted
rock and peat samples. Inorganic minerals were
removed from the whole rock using HCl and HF
and the kerogen was concentrated further by
flotation in a ZnBr2 solution. Isolated kerogen was
mixed with epoxy, mounted in an acrylic plug and
polished using progressively finer grades of silicon
carbide and finally polished with water-based
alumina suspensions prior to taking reflectance
readings using a Zeiss Universal microscope and
photomultiplier. The indigenous population was
assigned to the telocollinite maceral of vitrinite.
The color of palynomorphs, recorded as thermal
alternation index (TAI), was determined on kerogen
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strew mounts and found to complement the vitrinite
reflectance values.

2.5. Ultrasonic extraction

The rocks and peats were extracted ultrasoni-
cally with CH2Cl2:CH3OH (1:1 v:v) for 24 h. The
extracts were decanted to a 125 mL separatory
funnel containing deionized water. The aqueous
bottom layer was separated, extracted (·3) with
pentane:CH2Cl2 (2:1 v:v). The combined extracts
were treated with anhydrous sodium sulfate to
remove residual water. The solvents were evapo-
rated carefully under a nitrogen flow to minimize
loss of volatile hydrocarbons. The details are
described by Wei et al. (2007).

2.6. Gas chromatography-flame ionization detection

(GC-FID)

The toluene-diluted (100·) extracts of rock and
peat samples and pyrolysates were analyzed using a
Hewlett Packard 5890 GC equipped with a 100%
methylsilicone DB-1 capillary column (24 m ·
0.2 mm i.d., film thickness 0.33 lm). H2 served as
carrier gas at a fixed 20 psi head pressure. Samples
were injected at 80 �C and the oven was programmed
at 10 �C/min to 320 �C where it was held for 15
min.

2.7. Liquid chromatography and branched and cyclic

(B/C) separation

The extracts and hydrous pyrolysates were
spiked with deuterated diamondoids and 5b-
cholane for quantification of diamondoids, C29

aaa stigmastane 20R and C30 17a-hopane. The
deuterated diamondoid internal standards were syn-
thesized in the Molecular Organic Geochemistry
Laboratory at Stanford University and include
D4-adamantane, D3-1-methyladamantane, D3-1-
methyldiamantane, D4-diamantane, D5-ethyldi-
amantane and D4-triamantane. The extracts and
pyrolysates were fractionated using silica gel col-
umn chromatography with hexane and CH2Cl2 to
obtain the saturate and aromatic fractions,
respectively.

The B/C fraction was obtained by the removal of
n-alkanes from the saturate fraction using ZSM-12
molecular zeolite with a pore size of 6 Å (Aldrich
Chemical Company). The fraction was diluted with
20 parts toluene.
2.8. Selective ion recording-gas chromatography mass

spectrometry (SIR-GC-MS)

SIR-GC-MS analysis was performed on the satu-
rated hydrocarbon fractions using a Hewlett-Pack-
ard 5890 Series II Gas Chromatograph interfaced
to a Fisons Instruments Autospec-Q Hybrid Mass
Spectrometer. The GC was equipped with a 60 m
J&W fused silica DB-1 capillary column (0.25 mm
i.d.; 0.25 lm phase thickness of 100% methylsili-
cone). H2 was used as carrier gas at a constant pres-
sure of 15 psi. The temperature program was 50 �C
for 2 min, 50–80 �C at 15 �C/min, 80–290 �C at
2.5 �C/min, 290–320 �C at 25 �C/min and 320 �C
for 25 min. The injection port and transfer line tem-
perature was 325 �C.

The following ions were monitored for diamond-
oid analysis: m/z 135, 136, 140, 149, 187, 188, 192,
201, 239, 240 and 244. Quantification of adaman-
tanes, diamantanes and triamantanes was achieved
by integration of peak heights with respect to the
corresponding standards, D3-1-methyladamantane,
D3-1-methyldiamantane, and D4-triamantane,
respectively. The quantitation of tetramantanes was
made relative to the D4-triamantane standard
and D5-1-ethyldiamantane was used to quantify
ethyldiamantanes. The quantitation of C29 aaa
stigmastane 20R was achieved by comparing the
corresponding area with that of 5b-cholane using
m/z 217 in SIR-GCMS analysis. Hopanes were
analyzed by monitoring m/z 191. Duplicate experi-
ments indicated that the standard deviation was
typically < 8% for the diamondoid and biomarker
measurements.

2.9. Metastable reaction monitoring-gas
chromatography mass spectrometry (MRM-GC-

MS)

The toluene-diluted B/C fractions were analyzed
using the GC-MS system described above in the
MRM mode. Splitless injection of B/C fractions
(1 lL) was made and the temperature program
was isothermal at 80 �C for 1 min, then at 2 �C/
min to 320 �C where it was held for 20 min. The
mass spectrometer was run in parent! daughter
mode for sterane analysis. The monitored transi-
tions were: m/z 330! 217, 358! 217, 372! 217,
386! 217, 400! 217, 414! 217, and 414! 231.
Dwell time was 50 ms for each transition with a
70 ms interchannel delay. Ionization energy was
70 eV.
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3. Results and discussion

3.1. Bulk geochemistry of immature rocks and peats

The initial rocks and peat samples were thermally
immature as indicated by their measured R0 values
and Rock-Eval Tmax values (Table 1). Rock-Eval
pyrolysis data also show that the Tmax values of
the Irati rocks are below 435 �C, which is considered
the threshold for the oil window (Tissot and Welte,
1984). The HI values of the Irati limestone and oil
shale are 741 and 479 mg HC/g TOC, and oxygen
indices (OI) are 18 and 11 mg CO2/g TOC, consis-
tent with a dominance of oil prone Type I organic
matter (Fig. 1). The Vinini limestone is likely dom-
inated by Type II organic matter.. The bog and fen
peats have very low Tmax and HI values (Table 1).
Both organic-rich modern sediments are gas prone
and dominated by type III organic matter, as illus-
trated in Fig. 1.

3.2. Thermal maturity, organic matter input and

depositional environment

The 22S/(22S + 22R) isomerization ratios for C32

17a-homohopane are < 0.58 for Irati oil shale and
limestone and German peats. Other biomarker
parameters, such as 20S/(20S + 20R), bb/(aa + bb),
dia/(dia + reg)-steranes, Ts/(Ts + Tm), ba/(ba + ab)-
hopanes, and tricyclics/(tricyclics + 17a-hopanes)
also indicate that these samples are immature
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Fig. 1. Hydrogen index versus oxygen index diagram showing
type of organic matter in the immature rocks and peats. Data
obtained from Rock-Eval pyrolysis.
(Table 2). Although the 22S/(22S + 22R) and 20S/
(20S + 20R) ratios reach the equilibrium values in
the Nevada carbonate (Table 2), such values have
been reported in marginally mature source rocks
(e.g., Schoell et al., 1983). Tric/(tric + 17a-hops)
and Ts/(Ts + Tm) ratios also are relatively low,
consistent with the Nevada carbonate sample being
marginally mature.

It has been suggested that the C29 steranes derive
from a land plant source, while C27 steranes are
sourced from marine algae (e.g., Czochanska
et al., 1988). If true, the Irati limestone and oil shale
and Vinini limestone would be considered to be
dominated by organic matter input from terrestrial
higher plants. However, algal source input may also
contribute to a high relative abundance of C29 ster-
anes (Volkman, 1986). The positive correlation
between C29 and C30 steranes (24-n-propylcholes-
tanes) in Irati samples, the latter of which is derived
exclusively from marine algae (Moldowan et al.,
1990), reflects the predominance of marine algal
input for the oil shale and limestones during deposi-
tion. Oleanane is not detectable in the Irati samples
or Vinini limestone. In contrast, oleanane/C30

hopane ratios are very high in the peat samples,
especially in bog peat, consistent with both peats
being dominated by higher plant input.

The regular stair-step progression of C31–C35

homohopanes is consistent with sub-oxic bottom
waters during deposition for these rocks and peats.
The high gammacerane index of the Irati limestone
indicates highly reducing, hypersaline condi-
tions during deposition (Moldowan et al., 1985;
Fu et al., 1986). This limestone is an intercalated
deposit within the shale body and the relatively high
abundance of gammacerane in Irati oil shale sug-
gests that the depositional environment of the shale
is similar to that of the limestone. However, the very
low gammacerane indices in Vinini carbonate and
German fen peat suggest a sub-oxic environment.
Pr/Ph value for the Vinini limestone indicates that
it might be more reducing.

C�30=C29 Ts ratios indicate that Germany fen peat,
Irati oil shale and Vinini limestone were deposited in
oxic to sub-oxic and clay-rich depositional environ-
ments. Alternatively, the relatively high C�30=C29 Ts
ratio for Vinini limestone might be attributed to
its higher maturity. The formation of 17a-diaho-
pane is likely clay dependent (Moldowan et al.,
1991; Wei et al., 2007) and so its absence from the
Irati limestone and the German bog peat may be
due to the absence of clay.



Table 2
Biomarker parameters for saturate fraction from extracts of unheated rocks and peats

Biomarker parameter #24 #27 #V19.13 #34 #35

C27:C28:C29 Steranes 25:19:56 30:20:50 36:7:57 28:26:46 30:28:42
C27:C28:C29 Diasteranes 28:16:56 45:20:35 24:10:66 34:32:34 41:27:32
C30/(C27-C30) Steranes 0.023 0.019 0.048 0.008 0.011
bb/(aa + bb)a 0.30 0.21 0.57 0.49 0.33
C29aaa 20S/(20S + 20R) 0.38 0.16 0.52 0.50 0.38
Dia/(dia + reg)-steranesb 0.33 0.09 0.17 0.42 0.35
C29ba 20S/(20S + 20R) 0.50 0.52 0.62 0.53 0.43
22S/(22S + 22R)c 0.34 0.45 0.58 0.54 0.24
Ts/(Ts + Tm) 0.38 0.17 0.11 0.17 0.06
Oleanane/C30 hopane 0.13 1.98
Gammacerane/C30 hopane 28.55 0.55 0.05 0.16
Tric/(tric+17a-hops)d 0.24 0.03 0.07 0.13 0.001
ba/(ba + ab)-hopanes 0.69 0.14 0.07 3.25 2.27
C31/(C31–C35) Hopse 0.37 0.59 0.42 0.82 1.00
C32/(C31–C35) Hops 0.38 0.22 0.28 0.08
C33//(C31–C35) Hops 0.15 0.10 0.14 0.09
C34//(C31–C35) Hops 0.06 0.06 0.10 0.01
C35//(C31–C35) Hops 0.04 0.03 0.06
C�30=C29 Tsf 0.14 0.13 0.23

a bb/(aa + bb) = C29 regular steranes bb/(aa + bb).
b Dia/(dia + reg)-steranes = Diasteranes/(diasteranes + regular steranes).
c 22S/(22S + 22R) = C32 Homohopane 22S/(22S + 22R).
d Tric/(tric+17a-hops) = tricyclics/(tricyclics+17a-hopanes).
e C31/(C31–C35) Hops = C31/(C31–C35) Homohopanes.
f C�30=C29 Ts = 17a-Diahopane/18a-30-norneohopane.
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3.3. Oil generation from immature rocks and peats

during hydrous pyrolysis

Non-gaseous, hydrous pyrolysate products
include oil floating on water plus oil washed by sol-
vent from occlusion on the sides of the pyrolysis ves-
sel and rock surfaces. The pyrolysate yield is
expressed as grams of recovered pyrolysate per
gram of rock and/or peat. Fig. 2 shows the quanti-
tative generation curves for pyrolysates from the
rocks and peats with increasing reaction tempera-
ture following hydrous pyrolysis for 72 h. As pyro-
lysis temperature increases, oil is progressively
generated.

As shown in Fig. 2, the yield of pyrolysate
increases rapidly and maximizes at 340 �C for the
bog and fen peats, at 350 �C for Irati oil shale
and at 360 �C for the limestones, as the kerogen
produces increasing amounts of liquid hydrocar-
bons through progressive evolution. A progressive
decrease in pyrolysate yield is observed above
those temperatures, which is indicative of thermal
cracking of generated oil to pyrobitumen and gas
(Lewan, 1993). Rock mineralogy may contribute
to the differences in the oil generation profiles.
The Irati oil shale contains a higher content of clay
minerals than the Irati and Vinini limestones
(Table 3). Upon thermal stress, clay minerals are
expected to absorb the organic molecules produced
in oil generation and thereby catalyze both the
thermal decomposition of kerogen to form oil
and gas and the thermal cracking reaction of oil
in nature (Tannenbaum and Kaplan, 1985; Huiz-
inga et al., 1987a, 1987b). Thus, the presence of
clay minerals could lead to the early occurrence
of oil cracking and kerogen degradation (Tannen-
baum and Kaplan, 1985; Hill et al., personal
communication).

3.4. Molecular biomarkers and related maturity
parameters

Various maturity parameters, including concen-
trations of C30 17a-hopane and C29 aaa stigmastane
20R, and biomarker ratios for hydrous pyrolysates,
are summarized in Table 4. These data were
obtained from SIR-GC-MS analysis of the pyroly-
sates. The distributions of terpanes and steranes
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Table 3
Mineral compositiona of rock samples used in hydrous pyrolysis
experiments

Composition #24 #27 #V19.13

Non-clays Quartz 30.8 37.8 12.2
Feldspar 3.0 17.0
Calcite 0.8 6.7 50.3
Dolomite 53.6 3.2 29.6
Pyrite 0.2 3.3
Other non-clays 6.0 1.1

Clays Kaolinite 1.1 1.5
Ca-smectite 3.7 10.4 7.9
1M illite 0.7 9.1
Other clays 9.9

a Estimated using RockJock.
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change remarkably with increasing thermal matu-
rity during hydrous pyrolysis of Vinini limestone
(Figs. 3 and 4). The abundance of tricyclic terpanes
increases significantly compared with that of 17a-
hopanes at 340 �C (Fig. 3). It is known that C30

17a-hopane in sedimentary rocks is derived from
bacterial membrane lipids (Ourisson et al., 1982).
Upon thermal stress, this compound is generated
either from functionalized triterpenols in immature
rocks or from thermal decomposition of the kero-
gen skeleton. Fig. 5 shows that the concentration
of C30 17a-hopane maximizes at about 80 ppm at
230 �C in Vinini limestone. However, the highest
concentration occurs at much higher temperature
for the other immature rocks and peats (Fig. 5).
This might be due to differences in either source
input or thermal maturity between the Vinini lime-
stone and other samples. The generation profile of
C29 aaa stigmastane shows that sterane release gen-
erally occurs much earlier than that of hopanes
(Fig. 5). This may be due to the fact that steranes
are bound to the kerogen matrix via one linkage,
while hopane precursors may have multiple link-
ages. At higher temperature, the concentrations of
C30 17a-hopane and C29 aaa stigmastane decrease
dramatically due to chemical rearrangements and
thermal cracking to smaller molecules. In addition,
C21 pregnanes and C22 methyl pregnanes become
more abundant with increasing thermal maturity,
probably due to thermal breakdown of high molec-
ular weight steranes (Fig. 4). As illustrated in Figs. 3
and 4, both biomarkers are virtually absent from
pyrolysates above 400 �C because they are some of
the least thermally stable saturated hydrocarbon
species in petroleum and are subject to intense
cracking. It is also noteworthy that sterane genera-
tion is already significantly reduced in the range of
temperature corresponding to peak pyrolysate yield.

The Pr/Ph ratio generally tends to increase with
maturity (Connan, 1974). Our results show that



Table 4
Biomarkers generated from hydrous pyrolysis of immature rocks and peats and molecular maturity parametersa

Sample T (�C) A B C D E F G H I J

#24 Unheated 1.36 0.33 0.38 0.54 0.38 0.38 0.30 0.44 42.05 3.83
230 1.59 0.21 0.50 0.86 0.18 0.46 0.30 0.15 38.30 5.21
280 1.35 0.40 0.41 0.82 0.25 0.43 0.33 0.17 50.15 6.10
310 1.63 0.40 0.20 0.22 0.19 0.44 0.33 0.25 92.09 21.89
320 2.11 0.47 0.17 0.15 0.32 0.43 0.29 0.36 105.78 33.51
330 1.90 0.41 0.16 0.17 0.39 0.49 0.43 0.41 137.90 25.08
340 2.72 0.53 0.11 0.13 0.41 0.44 0.38 0.39 57.28 36.05
350 1.71 0.50 0.12 0.12 0.40 0.51 0.45 0.45 144.01 66.95
360 2.00 0.55 0.14 0.18 0.45 0.43 0.38 0.37 37.90 40.19
370 3.11 0.61 0.78 0.83 0.43 0.47 0.40 0.26 0.22 1.11
385 1.15 0.61 0.73 0.74 0.52 0.57 0.51 0.51 0.01 0.76
400 2.10 0.62 0.93 0.96 n.a. n.a. n.a. n.a. n.a. 0.32
420 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
450 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

#27 Unheated 1.25 0.45 0.17 0.06 0.16 0.16 0.21 0.07 1051.50 13.96
230 1.26 0.43 0.19 0.06 0.15 0.20 0.19 0.06 1191.60 14.26
280 1.40 0.42 0.12 0.04 0.16 0.24 0.22 0.11 1212.70 12.27
310 2.17 0.48 0.06 0.03 0.20 0.25 0.24 0.07 213.71 42.80
320 1.58 0.47 0.20 0.08 0.28 0.36 0.18 0.21 141.00 59.33
330 1.49 0.42 0.21 0.08 0.30 0.41 0.21 0.16 246.89 52.77
340 2.07 0.44 0.04 0.03 0.24 0.39 0.26 0.11 47.47 43.96
350 1.92 0.53 0.25 0.14 0.38 0.45 0.35 0.20 60.51 51.70
360 1.87 0.60 0.27 0.22 0.31 0.42 0.29 0.18 20.31 29.40
370 1.70 0.46 0.06 0.04 0.23 0.33 0.25 0.12 1.79 3.23
385 1.46 0.59 0.21 0.14 0.43 0.53 0.34 0.22 0.64 1.87
400 2.34 0.43 0.11 0.11 0.22 0.47 0.26 0.11 0.03 1.51
420 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
450 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

#V19.13 Unheated 0.89 0.58 0.11 0.11 0.52 0.52 0.57 0.30 700.45 41.07
230 1.19 0.60 0.29 0.12 0.51 0.59 0.54 0.38 718.70 79.78
280 1.13 0.61 0.30 0.12 0.44 0.54 0.45 0.31 728.91 49.84
310 1.12 0.60 0.17 0.08 0.55 0.58 0.56 0.40 487.32 47.97
320 1.63 0.60 0.23 0.14 0.41 0.52 0.51 0.41 261.53 37.86
330 1.98 0.61 0.19 0.11 0.47 0.50 0.49 0.32 170.97 28.52
340 2.79 0.47 0.17 0.15 0.27 0.50 0.35 0.21 84.75 21.29
360 0.78 0.61 0.30 0.22 0.50 0.54 0.54 0.44 27.72 43.32
370 1.95 0.61 0.26 0.11 0.53 0.59 0.56 0.38 1.50 3.30
385 1.17 0.62 0.24 0.15 0.54 0.56 0.57 0.40 0.21 1.12
400 1.42 0.60 0.61 0.11 0.51 0.57 0.53 0.37 0.10 0.89
420 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
450 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

#34 Unheated 1.50 0.34 0.17 0.20 0.50 0.50 0.49 0.57 1.58 2.10
230 0.91 0.42 0.25 0.30 0.21 0.35 0.32 0.04 35.38 15.93
250 1.49 0.45 0.32 0.53 0.26 0.49 0.38 0.08 59.79 10.87
280 2.51 0.22 0.36 0.79 0.14 0.50 0.49 0.03 157.07 20.85
310 3.60 0.14 0.51 0.70 0.13 0.33 0.34 0.04 313.08 50.81
340 3.31 0.27 0.50 0.68 0.21 0.48 0.42 0.17 71.49 53.86
370 4.31 0.45 0.64 1.01 0.22 0.42 0.35 0.25 9.28 23.15
400 1.15 0.52 0.65 0.72 0.19 0.46 0.34 0.18 1.52 4.73

#35 Unheated 1.63 0.24 0.06 0.27 0.38 0.38 0.33 0.40 13.11 2.70
230 1.12 0.33 0.43 0.39 0.13 0.31 0.19 0.03 190.45 18.18
250 3.13 0.19 0.36 0.46 0.05 0.40 0.12 0.03 557.53 20.37
280 2.83 0.21 0.47 0.89 0.06 0.47 0.22 0.07 124.80 27.30
310 2.96 0.18 0.49 0.34 0.05 0.46 0.21 0.06 109.86 51.31
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Table 4 (continued)

Sample T (�C) A B C D E F G H I J

340 4.62 0.25 0.37 0.43 0.08 0.50 0.16 0.07 93.08 32.12
370 4.00 0.37 0.66 0.51 0.23 0.50 0.33 0.18 8.24 17.12
385 1.28 0.45 0.61 0.42 0.32 0.51 0.34 0.17 0.50 10.21
400 1.40 0.47 0.64 0.25 0.34 0.44 0.30 0.14 0.12 5.07
430 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
450 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

a A = Pr/Ph; B = 22S/(22S + 22R) C32 17a-hopane; C = Ts/(Ts + Tm); D = Ts/C30 17a-hopane; E = 20S/(20S + 20R) C29 5a,14a,17a-
sterane; F = 20S/(20S + 20R), 13b,17a-diasteranes; G = bb/(bb + aa) C29 steranes; H = diasteranes/regular steranes; I = ppm total C29

aaa stigmastane 20R in pyrolysates; J = ppm total C30 17a-hopane in pyrolysates; n.a. = not available.
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the Pr/Ph ratio increases until 340 �C for the imma-
ture rocks and bog peat, and 370 �C for fen peat.
Beyond that, a reversal in the ratio is generally
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Fig. 3. Terpane mass chromatograms (m/z 191) for extract of unheated V
showing change in distribution with increasing thermal stress.
observed. This is in agreement with the results
reported by Albrecht et al. (1976) and Radke et al.
(1980). However, Pr/Ph ratios are not recommended
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for assessment of thermal maturity since they are
primarily influenced by source input. The hopane
and sterane isomerization reactions generally reach
equilibrium in the early oil window. This may result
in constant values for isomerization-based ratios
such as 22S/(22S + 22R) and 20S/(20S + 20R) with
increasing maturity, which can be observed for the
Vinini limestone (Table 4). However, the equilib-
rium between 20R (biological epimer) and 20S (geo-
logical epimer) seems to occur at higher temperature
for the Irati limestone and oil shale. The ratio also
changes unsystematically with increasing thermal
stress.

Ts/(Ts + Tm) and Ts/C30 17a-hopane values
appear to increase with increasing pyrolysis temper-
ature for Irati limestone and Germany bog and fen
peats. Even so, the absence of these biomarkers
from pyrolysates generated at higher temperature
limits their application at higher maturity. Further-
more, both ratios exhibit large variations for Irati
oil shale and Vinini limestone, which might be
caused by the influence of organic facies. As shown
in Table 4, the other sterane maturity parameters
(e.g., bb/(aa + bb), diasteranes/regular steranes)
normally used for source rocks and crude oils do
not show any trend with increasing maturity. The
proposed bb/(aa + bb) equilibrium values of ca.
0.67–0.71 (Seifert and Moldowan, 1980) are not
reached for all the samples, even at extremely high
maturity. Perhaps this is due to different mecha-
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nisms of epimerization at the high temperatures
used in these experiments compared to more moder-
ate temperatures experienced by rocks during natu-
ral maturation.

3.5. Mineralogy effects on diamondoid abundance in
immature sedimentary rocks

The mass chromatograms for diamondoids are
shown in Fig. 6 with peak identification in Table
5. Our results indicate that they are detectable in
immature extracts of the Irati oil shale and lime-
stone as well as Vinini limestone. The extracts of
Vinini limestone contain relatively high abundances
(ca. 1.58 ppm). In comparison, the concentrations
are much lower for both immature Irati rocks
(Table 6). The existence of diamondoids in these
immature rocks implies that they begin to form ear-
lier than the beginning of oil generation.

It has been suggested that adamantanes are
formed from the rearrangement of tricycloalkanes
in the presence of Lewis acids (Petrov et al., 1974;
Fort, 1976). In contrast, the occurrence of diamond-
oids in these immature sedimentary rocks may be
attributable to molecular rearrangements of organic
precursors during diagenesis as a result of lower
temperature Brønsted acidity from the hydration
of clay (Brown and Rhodes, 1997). Lewis acidity
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predominates at higher temperatures, with the loss
of water in the interlayer of clay (Cseri et al.,
1995), which is favorable for the generation of dia-
mondoids during catagenesis.

The concentration of diamondoids differs in the
two Irati extracts, being twice as abundant in the
oil shale than the limestone (Table 6). Rock miner-
alogy may be responsible for these differences. As
previously demonstrated, CaCO3 has a significant
inhibitive effect on the formation of diamondoids
with maturation, whereas an increase in montmoril-
lonite associated with kerogen leads to more dia-
mondoids generated upon thermal stress (Wei
et al., 2005a; Wei et al., 2006a). Thus, the higher
abundance of dolomite and calcite (54%) and only
trace amounts of Ca smectite (ca. 3.7%) and other
clay minerals (ca. 2%) in the Irati limestone might
lead to the lower concentrations of diamondoids
(Table 3) in comparison to the Irati oil shale, which
contains a much higher content of Ca smectite and
other clay minerals.

Interestingly, the concentration of diamondoids
in the extracts of the Vinini limestone with higher
carbonate (ca. 79.9%) and approximately equivalent
amounts of Ca smectite, are about four times higher
than those in the Irati limestone extracts. This might
be due to the difference in thermal stress experienced
by these samples since diamondoid formation is
maturity dependent (Wei et al., 2005b). As shown
in Table 1, the Irati limestone is an immature rock
(R0 = 0.43%), whereas the Vinini limestone is of
marginal maturity (R0 = 0.51%). Therefore, higher
quantities of diamondoids are expected to be gener-
ated from the Vinini limestone than the Irati lime-
stone, as demonstrated by the hydrous pyrolysis
experiments. Alternatively, the distinct chemical
composition of extractable organic matter in these
rocks might lead to the significant difference in the
initial abundance of diamondoids in the samples.
Wei et al. (2005b) suggested that, in the presence
of suitable catalysts, a variety of organic com-
pounds may yield diamondoids in varying amounts
depending on their molecular nature. Isoprenoids
and cycloalkanes are observed to generate greater
amounts of diamondoids than other organic precur-
sors (Wei, 2006b). Our analyses indicate that these
organic compounds are more abundant in the mar-
ine Type II Vinini limestone than in the Irati
limestone.

Diamondoid hydrocarbons are absent from the
peat extracts (Table 6). Peat contains some aromatic
hydroxy-, or methoxy-compounds, ketones and
acids and is known to be a natural product of decay-
ing plants, usually occurring under anaerobic and
reducing conditions (Wollrab and Streibl, 1969; Tis-
sot and Welte, 1984). Our peat has undergone only
early diagenesis and the compounds are probably
little altered from the original biosynthetic products.
The absence of diamondoids from the extracts sug-
gests that they are not biosynthetic products of
higher plants.



Table 5
Peak identity from SIR-GC-MS analysis of saturate fraction from extracts and hydrous pyrolysates of rocks and peats

Peak no. Molecular formula Compoundb M+ (m/z) Base peak (m/z)

I.S.-1a C11H15D3 D3 1-Methyladamantane 153 135
1 C11H18 1-Methyladamantane 150 135
2 C11H18 2-Methyladamantane 150 135
3 C12H20 1-Ethyladamantane 164 135
4 C12H20 2-Ethyladamantane 164 135
5 C10H16 Adamantane 136 136
I.S.-2 C10H12D4 D4 Adamantane 140 140
6 C12H20 1,3-Dimethyladamantane 164 149
7 C12H20 1,4-Dimethyladamantane (cis) 164 149
8 C12H20 1,4-Dimethyladamantane (trans) 164 149
9 C12H20 1,2-Dimethyladamantane 164 149
10 C12H20 2,6-+2,4-Dimethyladamantane 164 149
11 C15H22 4-Methyldiamantane 202 187
I.S.-3 C15H19D3 D3 1-Methyldiamantane 205 187
12 C15H22 1-Methyldiamantane 202 187
13 C15H22 3-Methyldiamantane 202 187
14 C16H24 1-Ethyldiamantane 216 187
I.S.-4 C16H19D5 D5 2-Ethyldiamantane 221 187
15 C16H24 2-Ethyldiamantane 216 187
16 C14H20 Diamantane 188 188
I.S.-5 C14H16D4 D4 Diamantane 192 192
17 C16H24 4,9-Dimethyldiamantane 216 201
18 C16H24 1,2-+2,4-Dimethyldiamantane 216 201
19 C16H24 4,8-Dimethyldiamantane 216 201
20 C16H24 3,4-Dimethyldiamantane 216 201
21 C16H24 Dimethyldiamantane (1) 216 201
22 C16H24 Dimethyldiamantane (2) 216 201
23 C19H26 9-Methyltriamantane 254 239
24 C19H26 5-Methyltriamantane 254 239
25 C19H26 8-Triamantane 254 239
26 C19H26 16-Triamantane 254 239
27 C18H24 Triamantane 240 240
I.S.-6 C18H20D4 D4 Triamantane 244 244

a Internal standard.
b Structures and nomenclature are given in Appendix A.
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3.6. Generation of diamondoids from thermal

maturation of immature rocks and peats

Our results show that around 1 ppm of diamond-
oids is produced from the Irati type I source rocks
prior to maximum yield temperature (and onset of
oil cracking; Table 6). Hydrous pyrolysis of Vinini
type II source rock produces up to about 5 ppm.
The peats, representing Type III gas prone source
rocks, generate an even lower abundance than the
Type I and II rocks. In general, increasing pyrolysis
temperature may enhance the strength of Lewis
acidity of acidic clay minerals, causing more dia-
mondoids to be formed and released into pyroly-
sates. However, the experiments show that, as the
heating temperature increases, the abundance of
diamondoids increases only slightly up through
peak yield (Table 6). The reason is that, although
generation of diamondoids becomes more intense,
substantial amounts of other hydrocarbons (e.g.,
n-alkanes, steranes, terpanes) are simultaneously
formed through direct release from thermal degra-
dation of kerogen or transformation from their
unstable functionalized precursors (e.g., fatty acids,
steroids, triterpenoids). These products dilute dia-
mondoid abundances generated from kerogen, but
also provide precursors for later production of dia-
mondoids via molecular rearrangement in the pres-
ence of acidic clay minerals such as the Ca smectite
in these rocks. The net effect of the maturation pro-
cess is that diamondoids are both formed and
diluted by other hydrocarbons within the oil win-
dow, resulting in relatively minor changes and vari-
ations in their concentration in the pyrolysates. As



Table 6
Diamondoids generated from hydrous pyrolysis of rocks and peats and derived maturity parameters

Sample ID T (�C) R0 (%) Diamonoidsa Adamb Diamc Triamd MDIe MAIf EAIg DMAIh DMDI-1i DMDI-2j MTIk

#24 Unheated 0.43 0.34 0.20 0.26 0.33 0.37 0.46 0.57 0.27 0.36 0.31 0.08
230 0.56 0.36 0.98 0.37 0.56 0.26 0.44 0.33 0.26 0.31 0.23 0.15
280 0.73 0.76 0.38 0.47 0.32 0.33 0.38 0.37 0.20 0.34 0.31 0.17
310 0.94 0.52 0.42 0.30 0.49 0.31 0.34 0.40 0.60 0.33 0.70 0.25
320 1.04 0.83 1.27 0.47 0.66 0.29 0.52 0.44 0.41 0.26 0.32 0.14
330 1.14 0.80 0.92 0.45 0.64 0.28 0.55 0.37 0.36 0.35 0.36 0.19
340 1.34 0.93 1.79 0.68 0.72 0.33 0.54 0.42 0.34 0.35 0.46 0.15
350 1.48 0.94 1.82 0.61 0.69 0.29 0.68 0.42 0.30 0.43 0.52 0.19
360 1.56 1.15 1.98 0.79 0.70 0.32 0.53 0.42 0.34 0.30 0.40 0.10
370 1.73 4.80 2.27 2.31 1.19 0.38 0.67 0.44 0.24 0.20 0.40 0.16
385 1.79 6.03 2.42 1.63 1.82 0.40 0.57 0.43 0.44 0.19 0.35 0.16
400 2.04 14.86 24.50 5.62 1.86 0.38 0.66 0.47 0.42 0.19 0.41 0.43
420 2.21 103.64 47.22 24.65 11.05 0.44 0.64 0.60 0.52 0.21 0.38 0.48
450 2.41 300.18 125.88 95.72 36.94 0.45 0.88 0.90 0.79 0.24 0.37 0.51

#27 Unheated 0.45 0.79 0.48 0.53 0.09 0.47 0.60 0.37 0.27 0.43 0.28 0.16
230 0.65 0.78 0.63 0.69 0.49 0.41 0.75 0.38 0.39 0.38 0.33 0.16
280 0.86 0.94 0.69 0.88 0.63 0.43 0.74 0.40 0.34 0.38 0.36 0.11
310 1.19 0.79 1.11 0.55 0.41 0.37 0.44 0.35 0.18 0.39 0.33 0.22
320 1.21 0.95 0.65 0.67 0.41 0.34 0.43 0.36 0.20 0.33 0.31 0.23
330 1.24 1.03 0.27 0.78 0.61 0.34 0.70 0.39 0.13 0.38 0.31 0.24
340 1.32 1.12 1.32 0.84 0.21 0.36 0.66 0.38 0.18 0.31 0.29 0.10
350 1.36 1.21 1.70 0.88 0.78 0.31 0.52 0.37 0.22 0.28 0.32 0.16
360 1.54 1.29 1.84 0.97 0.91 0.36 0.50 0.39 0.21 0.28 0.30 0.14
370 1.69 3.37 1.73 1.75 0.67 0.33 0.72 0.42 0.33 0.20 0.23 0.09
385 1.71 4.24 4.02 1.41 1.66 0.38 0.46 0.33 0.36 0.19 0.17 0.17
400 1.96 14.66 2.74 5.80 1.32 0.40 0.61 0.45 0.29 0.19 0.20 0.45
420 2.16 100.28 48.09 23.46 10.02 0.43 0.66 0.58 0.50 0.71 0.13 0.51
450 2.33 199.44 69.43 63.74 45.64 0.48 0.93 0.90 0.79 0.29 0.17 0.50

#V19.13 Unheated 0.51 1.58 0.17 0.99 0.35 0.46 0.45 0.52 0.39 0.42 0.38 0.11
230 0.55 2.81 0.31 1.90 0.59 0.44 0.40 0.45 0.53 0.38 0.34 0.22
280 0.80 2.70 0.37 1.65 0.62 0.44 0.40 0.41 0.34 0.40 0.36 0.23
310 0.98 4.86 1.82 2.90 0.76 0.52 0.41 0.43 0.47 0.44 0.41 0.15
320 1.09 3.73 3.07 2.94 0.70 0.46 0.52 0.46 0.45 0.37 0.36 0.36
330 1.18 2.46 2.61 2.05 0.48 0.41 0.62 0.36 0.42 0.31 0.37 0.35
340 1.27 3.70 5.49 2.93 5.71 0.42 0.51 0.40 0.40 0.32 0.41 0.33
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360 1.49 3.40 5.13 3.05 4.45 0.40 0.43 0.44 0.32 0.28 0.41 0.20
370 1.55 8.01 1.67 5.29 7.36 0.38 0.52 0.34 0.18 0.24 0.44 0.49
385 1.61 9.63 10.76 4.24 9.13 0.39 0.55 0.31 0.38 0.24 0.42 0.15
400 1.96 19.52 31.72 12.29 11.13 0.35 0.56 0.44 0.38 0.23 0.43 0.54
420 2.10 67.64 81.35 25.25 21.36 0.35 0.62 0.51 0.50 0.19 0.40 0.53
450 2.32 257.58 93.57 118.80 40.16 0.43 0.89 0.89 0.85 0.43 0.43 0.50

#34 Unheated 0.20 n.a.l n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
230 0.44 0.27 0.28 0.23 0.02 0.20 0.38 0.41 0.43 0.27 0.36 0.10
250 0.56 0.34 0.69 0.21 0.19 0.36 0.54 0.43 0.60 0.30 0.41 0.09
280 0.69 0.21 0.21 0.12 0.09 0.35 0.29 0.51 0.50 0.33 0.45 0.19
310 0.94 0.67 0.42 1.04 0.05 0.20 0.26 0.58 0.51 0.34 0.50 0.20
340 1.24 1.13 1.09 0.84 0.02 0.34 0.35 0.37 0.42 0.23 0.44 0.25
370 1.70 3.87 0.96 3.26 0.24 0.26 0.58 0.40 0.27 0.16 0.30 0.23
400 1.93 1.54 2.26 1.40 0.17 0.31 0.64 0.50 0.41 0.20 0.35 0.46

#35 Unheated 0.20 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
230 0.44 0.54 0.90 0.27 0.42 0.43 0.54 0.34 0.33 0.28 0.35 0.07
250 0.66 0.65 0.58 0.60 0.40 0.37 0.61 0.46 0.40 0.39 0.33 0.08
280 0.72 1.14 0.90 0.96 0.33 0.34 0.35 0.47 0.31 0.27 0.31 0.10
310 0.92 1.36 0.89 1.24 0.15 0.35 0.74 0.30 0.32 0.22 0.26 0.23
340 1.32 1.53 0.76 1.63 0.19 0.31 0.44 0.41 0.57 0.31 0.36 0.24
370 1.67 2.44 0.40 2.44 0.45 0.33 0.67 0.40 0.22 0.26 0.39 0.22
385 1.55 0.77 0.40 0.26 0.04 0.50 0.57 0.26 0.30 0.33 0.54 0.36
400 1.84 1.19 0.32 0.99 0.58 0.25 0.74 0.50 0.24 0.25 0.43 0.50
430 1.87 6.55 3.83 3.97 0.67 0.30 0.65 0.59 0.47 0.19 0.30 0.37
450 2.24 14.25 12.57 8.59 2.31 0.31 0.78 0.88 0.56 0.23 0.28 0.43

a Diamondoids = ppm 3-+4-methyldiamantane in pyrolysates.
b Adam = ppm adamantane in pyrolysates.
c Diam = ppm diamantane in pyrolysates.
d Triam = ppm triamantane in pyrolysates.
e MDI = 4-Methyldiamantane/(1-+3-+4-methyldiamantanes).
f MAI = 1-Methyladamantane/(1-+2-methyladamantanes).
g EAI = 1-Ethyladamantane/(1-+2-ethyladamantanes).
h DMAI = 1,3-Dimethyladamantane/(1,2-+1,3-dimethyladamantanes).
i DMI-1 = 4,9-Dimethyldiamantane/(4,9-+3,4-dimethyldiamantanes).
j DMI-2 = 4,9-Dimethyldiamantane/(4,9-+4,8-dimethyldiamantanes).

k MTI = 9-Methyltriamantane/(5-+8-+9-+16-methyltriamantanes).
l Not available.
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shown in Table 6, there is no significant change in
the abundance of diamondoids in the rock and peat
pyrolysates below 340 �C. Other diamondoid species,
including adamantane, diamantane and triaman-
tane, behave similarly with respect to abundance
in the pyrolysates (Fig. 7). However, it is notable
that the generation curve of triamantane is different
from those of adamantane and diamantane for the
Vinini limestone. Greater quantities of triamantane
appear to be produced from the Vinini limestone
than the Irati samples.
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Fig. 7. Concentrations of parent diamondoids (adamantane, diamantan
rocks and peats for isothermal experiments at various temperatures. E
A sharp increase in diamondoid amount in the
pyrolysates is generally observed above 360 �C
for rocks and above 340 �C for peats (Table 6).
This is indicative of intense cracking of liberated
hydrocarbons, whereby the less thermally stable
hydrocarbons break down to smaller and more sta-
ble molecules, such as methane and aromatic
hydrocarbons with smaller rings. In contrast, dia-
mondoids are increasingly concentrated because
they are highly stable and relatively resistant to
thermal degradation. Consequently, oil cracking
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substantially elevates the concentrations of dia-
mondoids in pyrolysate liquids. While their gener-
ation still proceeds throughout the oil window,
the amount produced decreases at higher tempera-
ture (> 340 �C), most likely due to the fact that the
acidic clay minerals lose their catalytic activity
upon mineral transformation. Hence, the enrich-
ment in diamondoids via destruction of other
compounds becomes more important than the gen-
eration of diamondoids.

Irrespective of mechanism, the concentrations
of diamondoids in pyrolysates increase consis-
tently with increasing pyrolysis temperature
(> 340 �C) suggesting that their concentrations in
oils can be used as a molecular proxy for thermal
maturity. For example, they reach maximum con-
centrations of 300, 199 and 258 ppm in the pyrol-
ysates of Irati limestone and oil shale, and Vinini
limestone, respectively, at 450 �C. Although con-
centrations are significantly lower in the peat pyr-
olysates, maximum concentration for bog peat
occurs in the 450 �C experiment. Curiously, the
concentrations do not vary systematically with
temperature and decreases are observed at 370
and 400 �C for fen and bog peats, respectively.
This phenomenon is not well understood at
present.

3.7. Behavior of diamondoid parameters with thermal

maturity

The bridgehead-methylated diamondoids are
known to be thermodynamically more stable than
other methylated diamondoid species (Clark et al.,
1979; Appendix A). On this basis, Chen et al.
(1996) and Li et al. (2000) studied the maturity of
over-mature crude oils and source rocks using 4-
MD/(1-+3-+4-MD) (MDI), 1-MA/(1-+2-MA)
(MAI), and 1-EA/(1-+2-EA) (EAI) as maturity
indicators (refer to Table 6). Zhang et al. (2005)
documented other diamondoid-related maturity
parameters, e.g., 1,3-DMA/(1,2-+1,3-DMA)
(DMAI), 4,9-DMD/(4,9-+3,4-DMD) (DMDI-1),
4,9-DMD/(4,8-+4,9-DMD) (DMDI-2) in a study
of Tarim Paleozoic marine oils. However, our
results indicate that none of these parameters
shows systematic change as heating temperature
increases and vitrinite reflectance increases to
R0 < 1.3% (Table 6). In some cases, a reversal can
be observed for some parameters. At higher levels
of thermal stress, several ratios, including MDI,
MAI, EAI, and DMAI, generally increase with
maturity (Table 6). This implies that these parame-
ters might be useful in the assessment of crude oils
and source rocks at high thermal maturity (equiva-
lent to R0 > 1.3%). Note that the isomerization
ratio for methyl triamantanes, 9-MT/(5-+8-+16-
MT), shows good correlation with R0 throughout
the temperature range examined (Table 6), indicat-
ing that it may be a reliable broad range maturity
indicator.

It is possible that more than one factor con-
trols these ratios, distorting their ability to
reflect thermal maturity equivalent to R0 <
1.3%. As a result, the ratios change inconsis-
tently and even in a reverse manner with the
respect to increasing maturity. However, at
maturity levels equivalent to R0 > 1.3%, one or
more of these competing influences may no
longer contribute and the parameters exhibit sys-
tematic trends with increasing thermal stress.
Alternatively, the conversion of methylated iso-
mers could become more significant at higher
maturity (R0 > 1.3%) than at lower maturity
(R0 < 1.3%), so the isomerization ratios for
substituted diamondoids may be more sensitive
at R0 > 1.3%.

3.8. Calibration of diamondoids as a proxy for

thermal maturity

Although the diamondoid maturity parameters
are usable in maturity assessment to some extent,
they have unavoidable limitations. Our results indi-
cate that the absolute concentration can be used as
a unique maturity indicator for source rocks and
oils, particularly in cases where other maturity data
are unavailable. Vitrinite reflectance is a commonly
used yardstick for measuring maturity of source
rocks (Tissot and Welte, 1984). Therefore, we cal-
ibrated the concentration of diamondoids in gener-
ated oils with R0 values measured on the pyrolysis
residues. The fitting curves are presented in Fig. 8
and show that the concentration of correlates with
R0 at higher maturity levels (R0 P 1.3%), suggest-
ing that the diamondoid abundance is more sensi-
tive at higher levels of thermal stress. The good
relationship between concentration and R0 pro-
vides a useful tool for projecting the thermal matu-
rity of either oils or source rocks if the
concentration of diamondoids is known. Based
on linear regression (R0 < 1.3%) and exponential
regression (R0 P 1.3%; Fig. 8), equations showing
the relationships can be established using hydrous
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pyrolysis data. For Irati limestone, the following
relationships are obtained:

Cdiamondoids ¼ 0:0001622 � e5:99�R0

r2 ¼ 0:9937ðR0 P 1:3%Þ

Cdiamondoids ¼ 0:6384 � R0 þ 0:0853

r2 ¼ 0:7600ðR0 < 1:3%Þ
where Cdiamondoids is the concentration of diamond-
oids (3-+4-methyldiamantanes) in hydrous pyroly-
sates at any maturity level. Similarly, the
concentration in the hydrous pyrolysates of Irati
oil shale is calibrated with R0 as follows:

Cdiamondoids ¼ 0:00127 � e5:143�R0 ;

r2 ¼ 0:9854 ðR0 P 1:3%Þ;

Cdiamondoids ¼ 0:2757 � R0 þ 0:06415;

r2 ¼ 0:4910 ðR0 < 1:3%Þ:
For Vinini limestone, the relationships are:

Cdiamondoids ¼ 0:0001176 � e6:293�R0 ;

r2 ¼ 0:9970 ðR0 P 1:3%Þ;

Cdiamondoids ¼ 1:9082 � R0 þ 1:3807;

r2 ¼ 0:2888 ðR0 < 1:3%Þ:

With respect to the bog peat, they are:

Cdiamondoids ¼ 0:008287 � e3:327�R0 ;

r2 ¼ 0:9007 ðR0 P 1:3%Þ;
Cdiamondoids ¼ 1:3966 � R0 � 0:1216;

r2 ¼ 0:8823 ðR0 < 1:3%Þ:
Any improvement in these correlations would

require more extensive data at both low and high
R0 levels. Vitrinite is usually absent from Paleozoic
carbonate source rocks, which makes it difficult to
determine their maturity. Therefore, diamondoids
can be a useful molecular indicator in the assessment
of mature to highly mature Paleozoic carbonates.



Table 7
The extent of oil cracking estimated from concentration of diamondoids in hydrous pyrolysates of immature rocks and peats

Sample no. R0 (%) Diamondoids (ppm) R0 P 1.1% R0 P 1.2% R0 P 1.3%

C0
a (ppm) Cracking (%) C0 (ppm) Cracking (%) C0 (ppm) Cracking (%)

#24 0.43 0.34 0.56 – 0.60 – 0.60 –
0.56 0.36 – – –
0.73 0.76 – – –
0.94 0.52 – – –
1.04 0.83 – – –
1.14 0.80 29.75
1.34 0.93 39.57 35.30 35.30
1.48 0.94 40.21 35.99 35.99
1.56 1.15 51.13 47.68 47.68
1.73 4.80 88.29 87.47 87.47
1.79 6.03 90.68 90.02 90.02
2.04 14.86 96.22 95.95 95.95
2.21 103.64 99.46 99.42 99.42
2.41 300.18 99.81 99.80 99.80

#27 0.45 0.79 0.84 – 0.83 – 0.88 –
0.65 0.78
0.86 0.94
1.19 0.79
1.21 0.95 11.93 13.16 –
1.24 1.03 18.77 19.90 –
1.32 1.12 25.29 26.34 21.43
1.36 1.21 30.85 31.82 27.27
1.54 1.29 35.14 36.05 31.78
1.69 3.37 75.17 75.52 73.89
1.71 4.24 80.27 80.54 79.25
1.96 14.66 94.29 94.37 94.00
2.16 100.28 99.17 99.18 99.12
2.33 199.44 99.58 99.59 99.56

#V19.13 0.51 1.58 3.14 – 3.02 – 3.12 –
0.55 2.81 – – –
0.8 2.70 – – –
0.98 4.86 – – –
1.09 3.73 – – –
1.18 2.46 – – –
1.27 3.70 10.38 18.29 –
1.49 3.40 2.47 11.08 8.24
1.55 8.01 58.60 62.26 61.05
1.61 9.63 65.57 68.61 67.60
1.96 19.52 83.01 84.51 84.02
2.1 67.64 95.10 95.53 95.39
2.32 257.58 98.71 98.83 98.79

#34 0.20 0 0.30 – 0.30 – 0.44 –
0.44 0.27 – – –
0.56 0.34 – – –
0.69 0.21 – – –
0.94 0.67 – – –
1.24 1.13 73.63 73.63 –
1.70 3.87 92.30 92.30 88.72
1.93 1.54 80.65 80.65 71.65

#35 0.20 0 0.74 – 0.74 – 0.74 –
0.44 0.54 – – –
0.66 0.65 – – –

(continued on next page)
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Table 7 (continued)

Sample
no.

R0 (%) Diamondoids (ppm) R0 P 1.1% R0 P 1.2% R0 P 1.3%

C0
a

(ppm)
Cracking (%) C0

(ppm)
Cracking (%) C0

(ppm)
Cracking (%)

0.72 1.14 – – –
0.92 1.36 – – –
1.32 1.53 51.76 51.76 51.76
1.67 2.44 69.75 69.75 69.75
1.55 0.77 4.16 4.16 4.16
1.84 1.19 37.98 37.98 37.98
1.87 6.55 88.73 88.73 88.73
2.24 14.25 94.82 94.82 94.82

Note: The extent of oil cracking was calculated according to the method reported by Dahl et al. (1999).
a C0 is the concentration of diamondoids (3-+4-methyldiamantanes) in the uncracked hydrous pyrolysates (‘‘diamondoid baseline’’). It

corresponds to the average concentration of diamondoids in pyrolysates at maturity levels of R0 < 1.1%, or 1.2%, or 1.3%.
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4. Diamondoids as a molecular proxy for oil cracking

Diamondoids are progressively enriched in oils as
other less stable compounds are cracked. In some
cases, where the petroleum liquids have experienced
extreme temperature in either reservoir or source
rock, the oil is completely dominated by diamond-
oid species, as evidenced by the condensates from
the Deep Norphlet Trend in the Gulf of Mexico
(Dahl et al., 2000). Another possible mechanism
for the concentration change in oil is thermochemi-
cal sulfate reduction (TSR), which can destroy other
hydrocarbons in deep hot petroleum reservoirs (e.g.,
Orr, 1974; Krouse et al., 1988). The effect of TSR on
the diamondoid concentration is, however, negligi-
ble since only extremely low amounts (< 1%) can
be altered by the TSR process (Wei et al., personal
communication). Thus, the extent of oil cracking
can be estimated on the basis of diamondoid
concentration.

According to the method developed by Dahl
et al. (1999), the extent of oil cracking is expressed
as:

% cracking ¼ ð1� C0=CcÞ � 100;

where C0 is the concentration of diamondoids (3-
+4-methyldiamantanes) in the non-cracked pyroly-
sate (also called ‘‘diamondoid baseline’’) and Cc is
the concentration of diamondoids in the cracked
pyrolysate at any maturity level. The diamondoid
baseline (C0) here is determined by the average con-
centration in pyrolysates prior to cracking in order
to minimize the variation in concentration. Assum-
ing that the beginning of oil cracking is at about
R0 = 1.1%, the baselines are calculated as 0.56,
0.84, 3.14, 0.30 and 0.74 ppm for Irati limestone
and oil shale, Vinini limestone, and Germany fen
and bog peats, respectively (Table 7). Therefore,
we can determine that 29.75% of hydrocarbons have
undergone cracking at R0 = 1.14% for Irati lime-
stone during hydrous pyrolysis, consistent with the
assumption that thermal breakdown of petroleum
hydrocarbons occurs around R0 = 1.1%. Likewise,
we can obtain the extent of oil cracking for Irati
oil shale, Vinini limestone and bog peat, which is
11.93% at R0 = 1.21%, 10.38% at R0 = 1.27%, and
51.76% at R0 = 1.32%, respectively. Only minor dif-
ferences are observed in the cracking percentages
using the diamondoid baselines assuming that
oil cracking starts either at R0 = 1.2% or at
R0 = 1.3% (Table 7). Hence, for a given source rock
or oil, we can use diamondoid concentration to
determine the extent of cracking based on the crack-
ing formula, as well as the thermal maturity using
the diamondoid-R0 equations derived above.

As suggested by Dahl et al. (1999), the diamond-
oid method may overestimate the extent of oil
cracking, especially for highly cracked samples due
to evaporative loss of light ends from oils or rock
extracts during the experimental workup procedure.
This may also have occurred in the pyrolysate prod-
ucts in this study where the extent of pyrolysate
cracking may be overestimated. Even so, the dia-
mondoid-oil cracking approach is believed to be
more accurate than the GOR (gas-to-oil ratio)
method for predicting the extent of oil cracking
because numerous processes can contribute to
GOR such as migration, gas leakage and biodegra-
dation (e.g., Claypool and Mancini, 1989; Welte
et al., 1997).
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5. Conclusions

(1) The generation of oils from hydrous pyrolysis
of immature rocks and peats maximizes at
temperatures ranging from 340 to 360 �C
depending on lithology and type of organic
matter.

(2) Biomarker maturity parameters show non-sys-
tematic changes with increasing thermal stress
in these hydrous pyrolysis experiments. Bio-
markers are greatly reduced in rock and peat
pyrolysates at higher temperatures (> 370 �C)
because of intense thermal cracking.

(3) The formation of diamondoids begins prior to
oil generation in some sedimentary rocks.
They can be generated from the artificial mat-
uration of immature rocks and peats. Their
concentration increases significantly above
temperatures of 360–370 �C (equivalent
R0 = 1.3–1.5%) due to intense oil cracking
and successive creation of diamondoids. Dia-
mondoids are generated in pyrolysates of peat
samples, but their concentrations remain rela-
tively low and appear to decrease at �370 �C
before increasing at the highest pyrolysate
temperatures.

(4) Diamondoid maturity parameters based on
isomer stability may not be useful below R0

1.3%, as indicated by significant variability in
hydrous pyrolysis experiments. They appear
to behave more systematically at R0 P 1.3%.

(5) Differences are observed in the abundance of
diamondoids in extracts of unheated sedimen-
tary rocks. These differences may be a result of
subtle maturity differences, variations in
organic matter input, and/or the distinct min-
eralogy of each rock type.

(6) The established relationships between the con-
centrations of diamondoids in rock and peat
pyrolysates and R0 can be used to determine
the thermal maturity of either source rocks
or crude oils and help understand thermal evo-
lution of petroleum if concentrations of dia-
mondoids are known.

(7) Diamondoids can serve as a molecular proxy
for estimating extent of oil cracking.
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