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ARTICLE INFO ABSTRACT

Keywords: As unconventional hydrocarbon exploration increasingly targets deeply buried, highly mature source rocks, there
Pyrolysis is a growing need to accurately characterize organic matter exposed to extreme thermal conditions. A key
Tmax . analytical challenge in such systems is the reliable determination of total organic carbon (TOC), thermal maturity
gzgﬁjs;mn generation (Tmax), and hydrocarbon generation potential (Sp and Hydrogen Index, HI) using standard Rock-Eval pyrolysis.

In overmature samples, the conventional upper pyrolysis temperature of 650 °C is insufficient to fully evolve the
S, peak, resulting in underestimated S; and TOC values and unreliable Tmax determinations. To overcome this
limitation, this study introduces a modified extended temperature programmed pyrolysis protocol that extending
the final temperature to 850 °C on a series of synthetically matured shale samples produced by confined-pressure
hydrous pyrolysis across a range of thermal maturities. The results show that this approach enables complete Sy
evolution where conventional Rock-Eval analysis fails to resolve the hydrocarbon generation signal. The
resulting S, pyrograms exhibit a bimodal distribution, with the first peak corresponding to residual kerogen and
the second to pyrobitumen formation. Systematic evolution of the second peak yields robust Tmax values show a
strong linear relationship with thermal maturity (Tmax = 95.17 EASY%Ro + 345.96), indicating that pyrobi-
tumen serves as a reliable proxy for advanced thermal maturity. These results show that standard Rock-Eval
protocols can significantly underestimate TOC and misrepresent maturity in overmature source rocks, whereas
high-temperature programmed pyrolysis extends the applicability of pyrolysis-based geochemical parameters
into the overmature domain. By enabling more accurate characterization of highly evolved organic matter, this
method provides a practical and improved geochemical foundation for basin modeling and thermal simulation
studies, addressing a critical gap in the evaluation of overmature petroleum systems.

Organic geochemistry

1. Introduction

The accelerating global transition toward unconventional hydro-
carbon resources has placed increasing emphasis on the accurate char-
acterization of organic matter in deeply buried, thermally mature to
overmature sedimentary successions [1,2]. As exploration targets
extend into basins that have experienced complex thermal histories, the
ability to robustly assess key geochemical parameters, like organic
richness, hydrocarbon generation potential, and thermal maturity, be-
comes critical for refining basin models, and optimizing resource

assessment [3]. Therefore, analytical methods that enable reliable
evaluation of organic matter across the full thermal maturity spectrum
are essential not only for petroleum geoscientists but also for basin
modelers, reservoir engineers, and exploration experts.

The study of organic matter evolution through pyrolysis, particularly
using Rock-Eval 6 analysis, is a cornerstone of geochemistry for rapid
evaluating hydrocarbon potential in sedimentary basins [4-6]. This
analytical technique, pioneered by Espitalié et al. [7], quantifying the
free (S1) and thermally cracked (S2) hydrocarbons, as well as carbon
dioxide (S3) released during analysis, is especially vital for regional

* Corresponding author at: National Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum, Beijing 102249, China.

** Corresponding author.

E-mail addresses: jiangfj@cup.edu.cn (F. Jiang), lorenz.schwark@ifg.uni-kiel.de (L. Schwark).

https://doi.org/10.1016/j.fuel.2026.139644

Received 10 February 2026; Received in revised form 3 April 2026; Accepted 21 April 2026

Available online 30 April 2026

0016-2361/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.



X. Zheng et al.
AQOTISGT1-5
a Samgie omperahae °C Aduried
_— ' =8 . l:e ; b ':‘ ; s:P ) ‘!‘Ea
g 0 fﬂ" e S
» P05
g 802 f’ \I\ .Y
¥ aoms L
£ on M— e \ \‘-‘
:: T e ) __‘5_ & —_
11 ™ e - — - - -
AMTISGT 1.7
C Sampi Wmpe e G Aduated
* »m o bl . k> ] ™o
0008 2 — i i :
i ‘LI, N o
}q oo T -
3 "
P oo
- e\
s ! e
. - . - - ‘ L " -
ADOTISGT18
e Sargie eager e 40 Amted
b o] «r o ] F 8 Mo
fee] A i H
E 01008 \\ ot
; \—
0004 \ .
4
b \
Foom c \
& \ .
e J AN T———_— —
A0OT15GT1-11
Samgie mper i e T Adpssted
L g = ar b o] k3. ) T
om i i i i i
-; 0.008 ‘ \". - p—
&;; 0064 | e St ‘,
B | o \ “\ i
‘?c 004 4 | . — |
Ll “\A‘_’/K o s A |
s ——y T T . A— v T ¥ 1
] w & » -] X » 0 * % “ &0

Fuel 427 (2027) 139644

A01156 GT3-5
b T b e 0 Adpated
e A «ar o, o
o0 A i "

- lﬁ|‘

f (T ,' \

S s

AD1156 GT3-T

d Sample Wepe Wt T ARl
N Pl UL o o Lo M
i i i s

§ orond i k —
L] il A — V i
L \, |~
o /""-—‘ v v yp—a . . - v v - v .
e $ " 15 F] F. » " © s ] [0 w
8D el B Sangle legersiure 0N CO sgrel
b 358 Lh i o
e . A . H
g / | p—
% asss e
e f .
§ | 4 b ~
x | L~
e 1 7 AN |
» . , ] \
B o005 = =l )
o | — AN R« g
A01156 GT3-11
h Sampls mperware ¥ Aduried
™ b ] i - Pyl 9 m
T i A H H
2 oo B
‘ [T ]
? b
g 06634
= 0001 o
g
.
7 v . v - v - v -
H ] i ] ] » » o « ] % ]
T, o
810 sl B Sangletenpermtoe B R OO sgrel R 002 el

Fig. 1. The evolution trend of artificially matured samples showing the incomplete S2 pyrogram ends at 650 °C (a) and (b) with hydrous pyrolysis temperature of
350 °C, (c) and (d) with hydrous pyrolysis temperature of 390 °C, (e) and (f) with hydrous pyrolysis temperature of 400 °C, (g) and (h) with hydrous pyrolysis

temperature of 470 °C).

screening and the characterization of unconventional shale reservoirs
[8-10]. In Rock-Eval pyrolysis, Tmax corresponds to the temperature at
which the Sy peak attains its maximum and is widely applied as an
empirical indicator of thermal maturity in petroleum source rocks. As
thermal maturity increases, progressively more stable carbon structures
require higher temperatures for cracking during programmed pyrolysis,
producing higher Tmax values from the oil window into the gas window
where pyrobitumen dominates [11-13].

However, the conventional analytical approaches often reach their
limits in overmature systems [14], where the conventional Rock-Eval
maximum pyrolysis temperature of 650 °C fails to fully evolve this
material, limiting the reliability of Tmax and motivating the need for
extended high-temperature protocols. In overmature source rocks, most
hydrocarbons have already been generated and expelled, and the
remaining organic matter has been transformed into refractory phases,
primarily pyrobitumen or residual non-generative carbon [15]. These
carbon forms contain little to no pyrolyzable hydrocarbons within the
temperature range of conventional Rock-Eval analysis, resulting in a
weak or absent Sy signal and invalid Tmax values. [14,16-18].

Tmax reliability can be compromised in samples with very low S2
yields (typically below 0.2 mg HC/g rock), as the corresponding S2 peak
becomes ill-defined, leading to inaccurate measurements [14,19].
Furthermore, contamination by migrated hydrocarbons or the presence
of high-volatility bitumen can also suppress Tmax values [5,20].

The focus of traditional Rock-Eval 6 is predominantly on oil and gas
generation stages and the pyrolysis temperature ends at 650 °C, hence

the thermal parameters for determining the dimensions of oil window is
conventionally defined as 435 °C <Tmax <470 °C [7,21], [4,17], which
limited the implication of Tmax. Withe increasing shale gas sweet-
spotting and identifying the limit of dry gas preservation, the maturity
of overmature window also received a lot of attention. Although many
works have reported about the limitation of traditional Rock-Eval 6, a
systematic study that demonstrates how a complete S2 pyrogram can be
obtained and how it provides a reliable evolution record for pyrobitu-
men in the overmature stage is still lacking. Therefore, this work con-
ducted an extended-temperature pyrolysis with a higher ending
temperature of 850 °C, which can generate a complete S2 pyrogram and
hence a valid Tmax for heavily matured organic matter, to study the
complete S2 pyrogram and to provide a reliable evolution record of the
pyrobitumen generated at overmature stage. This will provide a
comparative reference to study the heavily matured organic matter by a
morphological study of the most convenient and widely applied pyrol-
ysis pyrograms.

2. Samples and methodology
2.1. Sample information

An organic-rich lower Paleozoic Alum shale collected from Oland,
Sweden was applied through a series of hydrous gold tube pyrolysis,

followed by a extended programmed pyrolysis conducted on the solid
residue. The TOC of the original sample is 9.55 wt%, which are tested in
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Fig. 2. Comparison of basic nomenclature of organic matter used by organic geochemists and organic petrologists (modified from Mastalerz et al., 2018). It compares
the different terminologies of organic matter along thermal evolution between organic petrology and organic geochemistry based on stages and extractabilities.

Federal Institute for Geosciences and Natural Resources (BGR), Hann-
over, Germany. Its S1 is 1.28 mg/g, S2 is 49.47 mg/g, S3 is 0.4 mg/g and
Tmax is 419 °C.

Two samples, Sample A00715 (Dju2008, 2.75 m, well Djupvik-2)
and A001156 (DBH5060, 44.63 m, well Core601), have conducted
confined hydrous pyrolysis (gold tube) experiment and generated two
series of artificially matured samples with pyrolysis temperature of
275 °C, 300 °C, 325 °C, 350 °C, 370 °C, 390 °C, 400 °C, 415 °C, 440 °C,
470 °C, 500 °C, 550 °C, and 600 °C, corresponding to EASY%Ro [22] of
0.59%, 0.71%, 0.85%, 1.08%, 1.32%, 1.54%, 1.75%, 2.0%, 2.46%,
3.07%, 3.64%, 4.35%, and 4.67%, respectively. The geochemistry
characteristics of the generated hydrocarbon of these samples were
published in previous works [23,24]. The solid residue leftover were
used for Standard Rock-Eval 6 pyrolysis in this work.

2.2. Confined hydrous pyrolysis (gold tube) experiment

The confined hydrous pyrolysis (gold tube) experiment was carried
out at the National Key Laboratory of Petroleum Resources and Engi-
neering, China University of Petroleum, Beijing. The process involved:
1) Crushed and sieved sample, in a size range of 1.5-2.5 mm, and
deionized water with volume adjusted to 1:1, was added to gold tubes
(40 mm long, 5.5 mm inner diameter, and 0.25 mm thick) and sealed
under an argon atmosphere; 2) The pyrolysis was conducted at tem-
peratures of 350 °C, 375 °C, 390 °C, 400 °C, 425 °C, 450 °C, 470 °C,
500 °C, 550 °C, and 600 °C, maintained isothermally for 72 h at a hy-
drostatic pressure of 50 MPa [25-27].

2.3. Standard Rock-Eval 6 pyrolysis

Total organic carbon (TOC) and Rock-Eval 6 pyrolysis parameters
were determined using a HAWK analyzer (WILDCAT Technologies)
following the standard Rock-Eval 6® methodology [7,28]. Analysis
involved an initial pyrolysis stage (300 °C to 650 °C) under inert at-
mosphere to quantify free (S1) and kerogen-derived (S2) hydrocarbons,
as well as CO» (S3) from oxygen-bearing compounds; thermal maturity
was assessed via the Tmax parameter. Subsequently, the residual carbon

was combusted in an oxidation oven (300 °C to 800 °C) to determine the
non-generative organic carbon (300 °C to 650 °C) and mineral carbon
(650 °C to 800 °C). The reported TOC (wt.%) represents the sum of
organic carbon measured in both stages, pyrolyzable carbon (PC) and
residual carbon (RC) [29,30]. Analytical precision, monitored using
certified standards (WT2, IFP-160000) and duplicate analyses, was
better than 5%.

2.4. A extended temperature programmed pyrolysis

A special extended programmed pyrolysis with an end temperature
as high as 850 °C from the Department of Geoscience, Kiel University
was adopted on the solid residues of the artificially matured samples
after confined hydrous pyrolysis. Those run with a calibration for
extended temperature, i.e., where the calibration standard WT2 pro-
vided by WILDCAT Technologies, has been used when running the
standard up to 850 °C for calibration. From pyrolysis temperatures
above 425 °C, the Tmax had to be determined manually, as the S2 in-
tensity of the residual kerogen was very low.

3. Results and discussion
3.1. The evolution record of standard Rock-Eval 6 pyrogram

The pyrolysis data generated by Rock-Eval 6 analysis, specifically the
characteristic pyrogram, undergoes a systematic and predictable evo-
lution that serves as a fundamental proxy for the thermal maturity of
sedimentary organic matter [31]. In immature sediments, the pyrogram
is dominated by a prominent S2 peak from the thermal cracking of
kerogen. Upon entering the oil window, free hydrocarbons (S1 peak)
increases due to early generation, while S2 attains its maximum yield.
With progressive maturation from peak oil to the wet gas window, the S2
peak area systematically depletes and Tmax increases, reflecting the
depletion of labile kerogen components and the increasing thermal
stability of the residual organic matrix [17,32]. However, there were
rare works recorded the pyrogram evolution in overmature region.

As shown in Fig. 1, the Rock-Eval 6 pyrograms from two series of two
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Fig. 3. General diagram showing the application of Rock-Eval to the study of reservoir rocks. (a) The common thematic diagrams showing FID pyrograms; (b) The
activation energy distribution during pyrolysis; (c) Pyrogram dissection of organic matter pyrolysis showing thermal products grouped by different temperature
ranges; (d) Products re-assembled groups (from [42]; (e) The pyrogram evolution of organic matter in pyrolysis and oxidation along maturation [28]; (f) Rock-Eval
pyrograms of an early mature oil sample and the relationship between compound group fractions (Scheeder et al., 2020).

artificially matured samples showing the evolution trend of pyrogram
and Tmax value along maturation, with the setting temperature of hy-
drous pyrolysis at 350 °C, 390 °C, 400 °C and 470 °C, shows that the
shape of S2 change from mono-peak into bimodal peaks when the
temperature change from 350 °C to 390 °C, with half of the right wing of
the second peak being cut off at the ending pyrolysis temperature. After
that, the whole S2 peak of sample generated at a hydrous pyrolysis
temperature of 400 °C shift to the right ward and the second peak is
completely cut off. After that, the S2 peaks are completely gone at the
gold tube temperature of 470 °C. Hence, it shows clearly that the
pyrobitumen generated from high maturity is not able to be pyrolyzed
and leading to incomplete S2 (Fig. 1).

As S2 of Rock-Eval 6 is a geochemical composite, the heterogeneous
nature of bitumen significantly complicates its interpretation, which is
not exclusively representative of kerogen but a composite of multiple
organic matter fractions. Such organic matter fractions can be classified
as macerals, oil, solid bitumen and pyrobitumen in organic petrology;
and kerogen, soluble organic matter, bitumen and pyrobitumen in
organic geochemistry [33,34]. These fractions have distinct physical

and chemical characteristics [35,36], which contains extractability,
volatile matter content, density and the differing aliphatic, aromatics,
NSOs and asphalts composition rate (Fig. 2). For instance, in the Vaca
Muerta Formation, Bitumen I (easily extractable, aliphatic) and Bitumen
II (released after demineralization, aromatic) are genetically distinct.
Petrographically, Bitumen I correlates with fluorescent, oil-prone
organic matter, while Bitumen II is linked to non-fluorescent amor-
phous material. This chemical heterogeneity means that the S2 peak can
contain a substantial contribution from soluble but thermally stable
bitumen, particularly at higher maturities, as demonstrated by hydrous
pyrolysis experiments on the Posidonia Shale [34]. This is further
corroborated in the Montney Formation, where an Extended Slow
Heating Rock-Eval 6 cycle successfully separates a pore-coating, fluid-
like hydrocarbon residue (S2aESH) from a pore-filling, solid bitumen
fraction (S2bESH) [37]. Previous work on hydrous pyrolysis of Lower
Toarcian Posidonia shale core plugs observed the generation of a soluble
“thermally stable bitumen” that contributes to the S2 peak, marking an
intermediate stage [38]. Therefore, the S2 peak in mature shales rep-
resents a mix of genuine kerogen and refractory, pore-filling bitumen,
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Table 1
Summary of the extended pyrolysis results from a series of artificial matured samples after hydrous pyrolysis. Both non-extracted samples and samples after extracted
were tested and documented.

Sample ID Hy-Py S1 S2 S3 TOC Tmax (manual) Tmax (auto) HI (o) GC NGC Comment
Temperature
HT-PyB-350 350 3.67 9.84 0.73 8.22 449 449 119 8 1.42 6.8 as received
HT-Py Alum 350 350 2.58 9.13 1.17 7.83 452 452 116 14 1.25 6.58 as received
goldtube Py 350 350 0.04 8.07 0.31 6.52 452 452 123 4 0.75 5.76 extracted
HT-PyB-375 375 4.50 7.61 0.92 8.89 461 461 85 10 1.3 7.59 as received
HT-Py Alum 375 375 4.74 7.90 0.82 9.32 463 463 84 8 1.37 7.95 as received
goldtube Py 375 375 0.05 4.99 0.18 6.91 467 467 72 2 0.48 6.43 extracted
HT-PyB-390 390 3.39 6.29 0.98 8.58 461 461 73 11 1.04 7.55 as received
HT-Py Alum 390 390 3.57 6.86 1.11 8.56 461 461 80 13 1.13 7.43 as received
goldtube Py 390 390 0.03 4.81 0.30 6.94 465 465 69 4 0.47 6.48 extracted
HT-PyB-400 400 2.43 3.07 0.86 8.11 565 565 37 10 0.76 7.34 as received
HT-Py Alum 400 400 2.53 3.35 0.88 8.74 567 567 38 10 0.77 7.97 as received
goldtube Py 400 400 0.08 2.56 0.23 6.75 572 572 37 3 0.28 6.47 extracted
HT-PyB-425 425 1.90 2.25 0.66 8.28 586 586 27 7 0.62 7.66 as received
HT-Py Alum 425 425 1.98 2.66 0.62 9.05 581 581 29 6 0.6 8.45 as received
goldtube Py 425 425 0.08 1.84 0.25 7.15 589 589 25 3 0.21 6.94 extracted
goldtube 450C 450 0.30 2.20 0.17 7.09 593 589 31 2 0.25 6.84 extracted
HT-PyB-470 470 1.97 1.34 0.60 8.74 329 15 6 0.53 8.21 as received
HT-Py Alum 470 470 2.03 1.42 0.70 9.21 327 15 7 0.53 8.68 as received
goldtube Py 470 470 0.15 1.17 0.33 6.87 629 330 16 4 0.15 6.72 extracted
HT-PyB-500 500 1.72 1.20 0.92 9.55 326 12 9 0.5 9.05 as received
HT-Py Alum 500 500 1.70 1.12 0.76 9.17 328 12 8 0.41 8.76 as received
goldtube Py 500 500 0.17 0.86 0.23 7.28 671 357 11 3 0.13 7.14 extracted
HT-PyB-550 550 0.67 0.54 1.07 8.92 296 6 12 0.26 8.65 as received
HT-Py Alum 550 550 0.71 0.54 1.04 8.51 295 6 12 0.24 8.27 as received
goldtube 550C 550 0.36 0.74 0.44 7.36 718 344 10 5 0.16 7.2 extracted
HT-PyB-600 600 0.30 0.23 1.19 7.40 317 3 16 0.18 7.23 as received
HT-Py Alum 600 600 0.32 0.22 1.20 8.15 323 2 14 0.22 7.93 as received
goldtube Py 600 600 0.04 0.11 0.23 6.54 815 332 1 3 0.06 6.48 extracted

(HI:Hydrogen Index; HI: Oxygen Index; GC: Generative Carbon; NGC: Non-genarative Carbon).
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the latter of which can artificially elevate perceived hydrocarbon po- fractions for accurate assessment of hydrocarbon mobility and remain-
tential while simultaneously impairing reservoir porosity and fluid flow. ing generative capacity.
The deconvolution of a complex S2 peak shape necessitating advanced Many comprehensive analysis of the evolution of the Rock-Eval 6
pyrolysis protocols or complementary extraction to deconvolute these pyrogram provide the record of the chemical composition of organic
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and condensation above 550 °C.

matter, and revealed that the morphological characteristics of S2
pyrogram serves as an integrated, chemically significant record of both
organic matter type and its maturity [39-41], like the differing aliphatic,
aromatics, NSOs and asphalts composition rate influences the S2 pyro-
gram shape (Fig. 3).

3.2. The results of extended-temperature programmed pyrolysis

Results of the extended-temperature programmed pyrolysis are
recorded in Table 1, of which both non-extracted samples and samples
after extracted were tested. Some of the non-extracted samples have
been tested twice and both of the data were shown. Fig. 4 shows the
pyrogram comparison of the standard pyrolysis ending at 650 °C
(Fig. 4a) and the extended-temperature programmed pyrolysis with an
ending temperature of 850 °C applied in this work (Fig. 4b). Different
from the S2 peak with the right wing being cut off in the standard Rock-
Eval 6, a complete S2 pyrogram can be formed and clearly deconvoluted
in the extended-temperature programmed pyrolysis, and hence a valid
Tmax can be generated. For pyrolysis temperatures exceeding 425 °C,
Tmax was determined manually due to the low S2 intensity of the re-
sidual kerogen. The S2 traces exhibited a bimodal shape for samples
subjected to pyrolysis above 400 °C, with an additional peak occurring
at lower temperatures (around 375-400 °C), which may be attributed to
residual bitumen rather than pyrobitumen. Hence, the beginning of the
pyrobitumen formation could be detected by the changing shape of the
pyrogram.

After manually obtained the Tmax value of over-mature samples,
there show three regression relationships with two inflection points
between Pyrolysis Temperature (Py-Temp) and the Tmax values (Fig. 5).
The first inflection point starts at 400 °C, where the formation of pyro-
bitumen starts. As the hydrous pyrolysis temperature reaching above
550 °C, samples reach the inertinization phase, where molecules start
high level of aromatization and condensation. This phenomenon was
also reported in the study of biochar [43,44]. These maturities in

artificial maturation can only be reached by very high-end gold tube
pyrolysis (>3%Ro) and not by the frequently applied hydrous pyrolysis,
however, showing potential reference value with the growing interest in
high-end mature organic matter.

Hence, the linear regression between Tmax generated from the
extended pyrolysis and EASY%Ro showed an equation of: Tmax = 95.17
EASY%Ro + 345.96 (R 0.93), which extended the application area into
high-end maturity region. The relationships between Tmax generated
from Rock-Eval2, Rock-Eval6 and the extended temperature pro-
grammed pyrolysis v.s VRo were also compared, with the transferring
equation from previous works reviewed in Fig. 6. It shows clearly that
the three rates keep the same until VRo of 2.4%, which become diver-
gent afterwards. The rate of Tmax from Rock-Eval2 and Rock-Eval 6
between VRo reach a pleateu, among which the rate of Tmax from Rock-
Eval6 between VRo is higher than that between Tmax from Rock-Eval 2.
This illustrate that Rock-Eval2 and Rock-Eval6 become invalid of telling
the thermal maturity of overmature sample (EASY%Ro > 2.4%).
Therefore, the extended temperature programmed pyrolysis extends the
application region of Tmax into the thermal maturity it failed before.

3.3. Organic carbon and hydrous pyrolysis temperature

As shown in Fig. 7, there is a systematic difference between extracted
and unextracted samples. The TOC evolution trend of gradual increase
firstly and reverse after a pyrolysis temperature of 500 °C (VRo: 1.25%).
This deviates from the conventional model of hydrocarbon generation
via side-chain cracking from kerogen during thermal maturation
[16,45], however, demonstrated an increase of the remaining organic
carbon after high maturity level. This could be mostly attributed from
the rapid increase of non-generative carbon (dead carbon) in high
maturity. When heating under pyrolysis atmosphere (He) up to 850 °C,
more organic matter is pyrolyzed than under maximum 650 °C. This
small amount of additional pyrolyzate is captured in the S2 peak as
hydrocarbons.
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maturities in this work and a review of previous works of equation between Tmax and Ro (Espitalie et al., 1985; Baskin and Peters, 1992; Duppenbecker, 1992; Jarvie
et al., 2001; Wust et al., 2013; Laughrey, 2014; Lee and Sun, 2014; Lewan and Pawlewicz, 2017). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

. 9.5
(a) (b)
14 L 9 *
0
.
© . ©
hd 8.5
12 = v It
R . s L
S . ° - 8 e o Y
& -
5 295 * s
£ S *
& os ' ° o a o Y
@ P ¢ 5 )
£ g . a
€ os ] E by L
c L ] & 6.5 ) an L O
3 oo L & "
U] % S
04 . 2
6
o o
o
02 a L4 S %
S F 3 . 55
L
o [
0 5
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650

Hydrous pyrolysis temperature ("C)

Hydrous pyrolysis temperature ('C)

e asreceived sample

= sample after extraction

Fig. 7. The relationship between generative carbon and non-generative carbon from extended temperature programmed pyrolysis and the hydrous pyrolysis
temperature. Although the amount of Generative carbon keeps decreasing, the amount of non-generative carbon increase until py-temperature of 500 °C and the
trend reversed afterwards.

The evolution of generative carbon along pyrolysis temperatures are
shown in Fig. 7a. Although the generative carbon keeps decrease, there

is an obvious decreasing rate change of the relationship between
generative carbon and pyrolysis temperatures after 425 °C, both in
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Fig. 8. Generative organic carbon, Non-generative organic carbon and carbonate carbon composition data generated from the extended temperature programmed
pyrolysis of one series samples after hydrous pyrolysis (left column: as received, right coulmn: extracted).

samples before and after extraction. This demonstrated that the struc-
ture of the generative carbon changed greatly after 425 °C pyrolysis
temperature (around VRo: 2.3%). These are in accordance with the
predominance occurrence of pyrobitumen at this pyrolysis temperature
[13,46]. What’s more, the gap between extracted and non-extracted
samples, which represents the generated bitumen, also started
diminish after pyrolysis temperature of 425 °C. This illustrates the gas-
window, where the rate of oil-cracking generated gas is higher than the
rate of generated oil.

The relationship between non-generative carbon and Py-
temperature is shown in Fig. 7b. The trend of non-extracted samples
increase until py-temperature of 500 °C, which demonstrated the
carbonization process of OM. After that, the trend turned into reversal
and could be attributed from the break of aromatic carbon. The NGOC
trend of extracted samples increase firstly until py-temperature of
425 °C and stay at a plateau after that, which could be hypothesized as
the rate between carbonization and decomposition keep stable.

3.4. The underestimated TOC

If refractory organic matter (like pyrobitumen) is not cracked during
standard pyrolysis (up to 650 °C), it remains in the crucible and should
subsequently be oxidized and detected as RC (S4 peak) during the
oxidation cycle (which typically goes up to 850 °C). Therefore, while the
S2 peak is underestimated, the S2 + S4 should theoretically remain
constant. However, Fig. 8 shows the organic carbon and carbonate
carbon composition data generated from the extended temperature
programmed pyrolysis. The TOC of extracted samples are 22% lower
than the non-extracted samples, among which all the three types of

carbon showing reduction from extraction. Therefore, part of the min-
eral carbon are attributed from extractable organic carbon.

Besides, the data from the standard Rock-Eval 6 of two series of
artificially matured samples show that the content of mineral carbon
start to increase at highly matured samples, among which the series of
sample A001156 are more obvious than that of sample A00715 (Fig. 9).
This could be explained as the standard oxidation cycle fails to recover
the carbon in pyrobitumen. Such heavy pyrobitumen is not able to be
oxidized below 600 °C, hence will be being misidentified as mineral
carbon. Such difference between these two samples was hypothesized to
be attributed from higher uranium content in sample A001156 (U: 227
ppm) than sample A00715 (U: 48 ppm). Many works reported that
uranium content is positively correlated with the aromatization of both
the free hydrocarbons and pyrolysates [47,48]. The enrichment of ura-
nium within organic-bearing intervals facilitates intensive radiolysis,
yielding a highly condensed, polycyclic aromatic network. This
radiation-driven transformation often characterized by aromatic carbon
fractions exceeding 70% significantly enhances the thermodynamic
stability of the organic matter, rendering it refractory to standard
thermal degradation. Such increased structural rigidity and bond reso-
nance energy necessitate higher activation energies for combustion,
manifested as a distinctive shift in the residual organic carbon (S4)
oxidation peak toward temperatures exceeding 600 °C during Rock-Eval
6.

3.5. HI and hydrous pyrolysis temperature

As organic matter must be conjoined with hydrogen for significant
hydrocarbon generation. The quantification of hydrogen content is
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Fig. 10. The relationship between HI and PI from extended temperature programmed pyrolysis and the hydrous pyrolysis temperature. The hydrogen index keeps
decreasing while the production index reaches its limit after 425 °C, marking the oil generation stage. The production index of as received samples reach a plateau
above 450 °C could be explained as pyrobitumen formation during secondary hydrocarbon generation.

significant to measure the hydrocarbons formed during the thermal
decomposition of organic matter in the sample, which can be showed by
S2 (Espitalie et al., 1977) and hydrogen index (HI). The relationship
between Py-temp vs. S2 and Py-temp vs. HI are shown in Fig. 10a. Both
trends have a drastic decreases before pyrolysis temperature of 440 °C
and become relatively flat after that. Therefore, the hydrocarbon gen-
eration potential mostly expires at pyrolysis temperature of 440 °C

(VRo: 2.46%).

The relationship between production index and pyrolysis tempera-
tures of the samples before and after extraction also show clear differ-
ence (Fig. 10b). It also shows that the production index of a closed
system reached the limit after Py-temperature of 425 °C, which docu-
mented the oil generation and evolution process. As S1 in the after-
extracted samples represents the pyrolyzable organic matter that are
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not extractable, the increasing trend after 450 °C recorded the genera-
tion of pyrobitumen during the secondary hydrocarbon generation
stage.

4. Conclusion

This work addressed the limitations of conventional Rock-Eval py-
rolysis for assessing overmature source rocks by extending the pro-
grammed pyrolysis temperature to 850 °C. Our experimental results
demonstrate that this extended protocol recovers the truncated S2
signal, enabling reliable determination of Tmax and TOC in samples
where standard 650 °C runs fail. Such extended temperature pro-
grammed pyrolysis produced complete S2 pyrograms, which often
showing bimodal and revealing a robust linear relationship between
artificial hydrous maturation temperature and Tmax = 95.17 EASY%Ro
+ 345.96. A critical transition near 425-450 °C (approximately equiv-
alent to Ro ~ 2.3-2.5%) is identified, marked by sharp declines in
generative carbon and hydrogen index, alongside increases in non-
generative carbon and pyrobitumen formation. These findings indicate
that conventional Rock-Eval protocols can substantially underestimate
TOC and misrepresent the thermal maturity of overmature source rocks.
By extending the temperature range, the proposed method provides a
practical means to extend reliable maturity and TOC assessment into the
overmature domain. Collectively, our work fills a key gap in the litera-
ture by demonstrating that accurate reconstruction of original organic
matter in high-maturity systems requires careful selection and calibra-
tion of the pyrolysis methodology. This improved approach thus offers a
more robust basis for characterizing overmature organic matter, with
important implications for the evaluation of petroleum systems that
have experienced elevated thermal stress.
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