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Abstract: To investigate the influence of the duration-terapere pairs chosen for laboratory thermal
maturations on the evolution of the organic maf€@¥) and porosity of the clay-rich source rocks
with increasing maturity, long duration (104 dattsprmal maturations, bulk, molecular geochemical
OM characterization (Rock Eval, GC-TCD, GC/MS) androgen adsorption porosimetry were
applied on six type Il mudstones from the Kimmeedgjay formation. These results were compared
with shorter duration experiments (72 hours) presip carried out. The results show that the in@eas
in the duration of thermal maturation experimem$anced the degradation of heavy polar OM
components into saturated and aromatic hydrocarteading to the production of similar amounts of
extractible OM (EOM) enriched in saturated and aerhydrocarbons. Then, in preventing the early
breaking of low energy bonds, the lower temperatised for the longer duration experiments led to a
less pronounced early cracking of OM resulting idifferent timing of gas generation. This process
did not influence the general evolution of the pwodume, which increased during gas generation.
Whatever the duration-temperature pair chosen faturation experiments highly oil-prone samples
formed lower pore volumes during gas generatioorelasing the duration of thermal maturation
seemed, nevertheless, to influence the amplitudettan timing of pore alteration events that occur

during gas generation, leading to slightly diffdrpore size distributions and pore volumes between



short and long duration experiments. However, thdifferences remain limited, suggesting that

results from different time-duration experimenta ba easily compared.

Key words: thermal maturation; porosity; source rocks; nigmo@dsorption; GC-MS

I ntroduction

The growing interest for unconventional resourcas led to a considerable shift in the approach to
characterize these reservoirs. The use of a comtrnaf various cutting-edge technologies to
quantify and image the complex structure of thesedfgrained rocks has allowed a more precise
understanding of the evolution of their porositheTinterparticle porosity associated with the naher
matrix generally decreases during burial, filleddmgrapped EOM or reduced by compaction and OM
ductile deformations (DiStefano et al., 2016; Furmat al., 2016; Guo et al., 2018; Han et al., 2017
Katz and Arango, 2018; Loucks et al., 2009; Modiod Lapierre, 2012; X. Wang et al., 2020; Wang
et al.,, 2019). Conversely, the progressive congarsif OM, the carbon loss and the significant
variations of volume, which occur during oil andsggeneration result in the growth of a secondary
OM-hosted porosity (Bernard et al., 2012a; Chalnaed Bustin, 2008; Chen and Xiao, 2014; Curtis
et al., 2012; Han et al., 2017; Jarvie et al., 206Q@vet al., 2016, 2018; Loucks et al., 2012; X.A\ya&t

al., 2020; Wu et al., 2019). In the vast majorifytieermally mature rocks, the OM is the main
contributor to the porosity (Bernard et al., 201Qayelan et al., 2019a; Chalmers et al., 2012; éfan
al., 2019; Juliao et al., 2015; Katz and Arangd,@&o et al., 2018; Kuila et al., 2014; Loucksaét
2009, 2012; Milliken et al., 2013; Pan et al., 20IHermal maturity and the initial OM composition,
which controlled the amount of oil and gas generaigring maturation, are thus widely considered as
the key factors controlling the formation and thevelopment of pores in organic-rich source rocks
(Bernard et al., 2012a, 2012b; Cavelan et al., 202020; Chalmers and Bustin, 2008; Chen and

Xiao, 2014; Curtis et al., 2012; Ko et al., 2018utks et al., 2009).

To investigate the relation between thermal matu®M composition and pore evolution, the
use of laboratory thermal maturation has become2roommon these last years (Cavelan et al., 2019a,

2020; Chen and Xiao, 2014; Guo et al., 2017; Hal.e2015; Ko et al., 2016, 2018; X. Wang et al.,



2020; Y. Wang et al., 2020; Zhang et al., 2013)dAmonstrated by these previous works, the use of
laboratory thermal maturations could be a key netimoobtain rocks of various maturities from the
same initial material. However, various duratiomperature pairs can be selected for these
experiments. While the effects of laboratory thdrmaaturation conditions on OM thermal
degradation processes have been well studied (Btlzdr, 2003; Landais et al., 1994; Michels et al.
1995, 1992), the effects on the evolution and teetbpment of porosity have never been assessed.
As OM thermal degradation processes are governetthdyirst order Arrhenius law, a plethora of
many duration-temperature pairs should be ableetaused to reach the same stage of maturity
(Landais et al., 1994; Wood, 1988). However, presi studies show that the experimental
temperature and duration of these laboratory sitiuna are not really exchangeable parameters
(Landais et al., 1994), as increasing the thermeturation duration and lowering the experimental
temperatures could significantly influence the gjghe composition and the timing at which liquid
and gaseous hydrocarbons are generated. In viéleadtrong relation existing between organic-rich
source rocks porosity, OM thermal degradation pses, and oil and gas generation, these
differences may influence the formation and theettgyment of pores with increasing maturity. It
seemed interesting therefore to test how the diffees observed between short- and long-duration
experiments can influence the formation and theslbgament of organic-rich source rocks porosity.
This may help to assess whether artificial matanatian accurately simulate the porosity evolutibn o

natural source rocks.

To this end, long duration (104 days) gold-tubdéwyanous confined thermal maturation
experiments were carried out on six immature owgeoh source rocks from the Kimmeridge Clay
formation. The concomitant evolutions of the butkolecular organic geochemistry and porosity
during maturation were determined using Rock Evayrolysis, GC-TCD, GC/MS and nitrogen
adsorption measurements. The results were thenarechpvith the shorter duration experiments (72
hours) previously carried out (Cavelan et al., 2012020). The present study aimed particularly to
better understand the relation between the durstimperature pair of anhydrous confined thermal

maturation and the ability of rocks to develop aneserve pores with increasing maturity.



1. Samplesand methods

1.1. Geological background

The late Jurassic Kimmeridge clay formation (KCBhsists of organic-rich marine shales deposited
from the Kimmeridgian to the Tithonian (Herbin &t 4995; Rawson and Riley, 1982). Onshore, this
formation outcrops across England from the Dorséé north Yorkshire; offshore the KCF is largely
distributed throughout the Northern, Central anditBern North Sea (Fig. 1, Rawson and Riley,

1982).
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Fig. 1. A) Kimmeridge clay formation across Englamatl North Sea; location of the studies boreholes
(modified from Gallois, 2004). B) Simplified strgtaphic column of the Cleveland Basin (modified

from Powell, 2010).

For this study, six immature KCF mudstones (Vitenieflectance ca. 0.42%, Cavelan et al., 2020)
were selected from Marton and Ebberston borehaésden 69.98 and 128.78 m deep (Yorkshire,
UK, Fig.1). The organic geochemistry, the minerglagd the porosity of this geological section were
well-documented in the past twenty years (Bousseffial., 1995a, 1995b; Boussafir and Lallier-

Vergés, 1997; Cavelan et al., 2020; Desprairieglet 1995; Ramanampisoa and Disnar, 1994;
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Ramanampisoa and Radke, 1995). The studied rocgig@ston finely laminated marine argillaceous
mudstones with total organic carbon ranges betv@en15.4 wt.% (Rock EvAl6é TOC) and a high
OM oil generation potential varying between 41819 mg of HC/g of TOC (Rock EvVab hydrogen
index, Cavelan et al., 2019b). The OM is mainly posed of amorphous organic matter (AOM)
including in the order of decreasing abundancehlfiigil-prone phytoplanktonic orange AOM, algal
brown AOM and black AOM. This OM is accompanied ayminor contribution of structured
components derived from zooplankton (pores, pollensand plant tissues (Boussafir et al., 1995b;

Boussafir and Lallier-Verges, 1997).
1.2. Bulk and molecular OM composition

The devices used for anhydrous confined thermalraton experiments were described in
Cavelan et al. (2019a). About 1g of each sample amashed into powder (particle size: 250 um to
180 pm), loaded into gold cells (dia: 0.50 mm, |&®B cm) and introduced into high-pressure
stainless-steel autoclaves pressurized with waderconstant confining external pressure was
maintained at 600 bar during the experiments. Sesnplere isothermally heated at 283, 338 and
390°C for 104 days in order to obtain the threeksaof maturity previously reached by the short-
duration experiments of Cavelan et al., (2019a):dhrly oil generation, the condensate wet gas zone
and the dry gas zone (Fig.2). The increasing rétine temperature used for the experiments may
impact thermal maturation results. To avoid angdffother than the experimental temperature and
duration of the experiments on the results, theestmperature increasing rate was used for the long
and short-duration experiments as well as for estabe of maturity: 5.5°C.mih At the end of the
experiments, the oven was turned off and the aatesl were slowly depressurized. After maturation,
the gold cells were sealed in separate 2% ghass bottles and pierced under vacuum. Approberia
cnt of gases were sampled using a gas tight syrinddrgected into a gas chromatography coupled
with a thermal conductivity detector (GC-TCD). Gasmposition was determined using a Perkin
Elmer® Clarus 580 gas chromatograph (Supelco® Gampd 010 Plot® Capillary column: 30 m x
0.53 mm i.d., 0.15 pum film thickness) using the samperating conditions described in Cavelan et al.

(2019a). Individual gas components were identibgadcomparison with the relative retention times of



standard. Each gas content was quantified usirrgsfsective peak surface area and calibration surve

by assuming ideal gas behavior.

Between 50 and 60 mg of dried and powdered samyges analyzed using a Rock-EVa
pyrolizer (Vinci Technologies, Rueil Malmaison). rRtie pyrolysis, samples were first isothermally
heated for 2 min at 200°C under helium atmosphE&ne. oven temperature was then raised with a
ramp of 30°C.mit to 650°C and held for 3 min. For the oxidatiormp#es were isothermally heated
under purified air at 400°C. The temperature was thaised to 850°C at 30°C.rtiand held 5 min.
The parameters used in this study are the TOC%tthe hydrogen index (HI, mgHC/g TOC) and

the oxygen index (Ol, mgCO2/g TOC). The significanaf these parameters was described by

Espitalie et al. (1985a, b) and Lafargue et al9g)9

550 - 5 hours
] Immature Oil generation  Gas generatio 24 hours
500 |
470°C/72h
450 4
b 100 days
© 400 1 390°C/72h  390°C/104d
=¥
[
8 350 +——338°c/104d
g T35 C7R T
= ]
300
_____ °\° o\o BQ
N 28 VS
250 b i i
S & &
200 — et = g 2 ammaaniy
0.0001 0.01 1 100 10000

Thermal maturity, Time temperature index (TTI)

Fig. 2. Relation between maturity, temperature dodation of thermal maturations. In red: long-
duration experiments (this study). In black: shdrtation experiments and calculated vitrinite

reflectance from Cavelan et al., (2019a). This thvas drawn from the data of Landais et al. (1994).

About 1g of powdered samples was then extractedth wa solution of
dichloromethane/methanol (1/1) using ultrasonica{itO min). The total extractible OM (EOM) was
recovered by centrifugation, dried under nitrogeejghed and desulfurized with copper shavings.
The EOM was separated using deactivated silicg5él with water) chromatography column. The

saturated hydrocarbons (SAT) were recovered byoaluvith heptane. The aromatic hydrocarbons



(ARO) were recovered by the subsequent elutionrab@ure of heptane/toluene (3/1) and (2/2). The
polar hydrocarbons were recovered by methanol aglutiEach dried fraction was weighed.

Asphaltenes remain trapped in the chromatographynuts. The mass of asphaltenes was thus
determined by difference in mass between the masleototal EOM extract and the mass of the
recovered fractions (SAT+ARO and polar). Some paampounds (resins) can be trapped with
asphaltenes in the columns. The mass of asphalteassthus counted with the mass of polar
hydrocarbons to obtain the total mass of the NS@tifsn. SAT and ARO were analyzed by gas
chromatography-mass spectrometry (GC-MS) usingaeeFGC Ultra gas chromatograph equipped
with a Thermo Trace-Gold 5 MS capillary column @0x 0.25 mm i.d, 0.25 film thickness) and

coupled to a TSQ Quantum XLS mass spectrometer.(VI®) apparatus was fitted with an AS 3000
auto sampler (Thermo Scientific). The operatingdtbons were described in Cavelan et al., (2019a).
The identification of each molecule presents in®#d and ARO fractions was done by comparing
retention times and mass spectra with previousbfigled data. Their quantification was based on the

integration of their peak area. Squalane was us@aternal standard.
1.3. Porevolume, specific surface area and pore size distribution

The pore volume, the specific surface area and pive size distribution (PSD) were
determined by low-pressure nitrogen adsorption dficomeriticS ASAP -2420 apparatus. Before
analysis, the samples (1g) were firstly crushed puwder (grain size: 180-250 um; 80-60 mesh size),
oven-dried 48 hours at 105°C and outgassed at &5°@ hours under vacuum (1 pm Hg) in the
apparatus. Adsorption and desorption isotherms wbtained at 77K. The relative pressure {p/p
ranges from 0.001 to 0.993 and an equilibratioretivh 10 s was applied during the analysis. Total
pore volumes (\) were determined after the liquid molar volume catled at p/p=0.993. To
compare the results of two common models, the P8P determined using both the Barrett, Johner
and Halenda (BJH) and the density functional th€biyT) methods. The isotherms were treated with
the DFT model using a slit-pores model based ogeaeric surface’, which is an average of non-
carbon materials listed for this type of geomeliilge associated potential is an averaged poteritial o

different non-carbon materials. This model was ehdsy comparing the correspondence between the



Cylindrical model (using an Oxide surface or theakana model) and the slit-pores model. The
second model was selected due to a better matthtleétisotherms and the lowest RMS error. The
regularization rate (Smooth or Lambda) was detegthimdividually by the intersection of the 2

curves of "RMS error of fit* and "Roughness of dizition" for each sample but was of the order of
0.3 to 1 for each. An adjustment rate R of 0.01 aygdied in order to eliminate the data out-of-mode
(zero point of the distribution). To avoid the tdéastrength effect phenomenon that occurs during
desorption, the P, were determined from the adsorption isotherm @awet al., 1951) between

p/pp = 0.042 and 0.993. The Specific surface areas waulated using the Brunauer, Emmett and
Teller method (BET) for adsorption (Brunauer et 4938) between pgp= 0.011 and 0.20. The

external and micropore specific surface areas amne yolumes were determined using the Dubinin-

Radushkevich model (DR) between j¥anging from 0.0001 and 0.01.

2. Resaults

2.1. Evolution of OM geochemical composition

After 104 days of thermal maturation at 282 to E0the HI and the Ol values follow the same
evolution trend as those observed after 72 hoursattiration at 325°C to 470°C (Fig. 3). After
maturation at 283°C, the mean calculated vitrinigdlectance (Rc) reached 0.69% +0.07,
indicating that the early oil generation stage ha&en reached (Tab. 1). All Rc values were
confirmed by punctual vitrinite reflectance measuweats taken at different stages of maturity.
Hence, after thermal maturation, the measureditérireflectance (Ro) is 0.71 % +0.04. At this
stage of maturity SAT+ARO hydrocarbon contentsratatively high (> 80 mg/g of TOC, > 45%

of EOM) with only low concentrations of s and CQ (Tab. 1, Figs. 4, 5). The amount of SAT
and ARO hydrocarbons increased from M2 to E40, &snation of their hydrogen index (Hl,

Tab.1, Fig. 5).
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After heating at 338 and 390°C for 104 days theease of the Rc to 1.22% +0.10 and 2.17% +0.12
(corresponding measured vitrinite reflectance i80% + 0.08 and 2.14% =+ 0.05, respectively)
indicates that the gas generation stages wereedddlab. 1). These two stages are accompanied by a
progressive and a strong increase in the concamtrat CQ, and G-Cs gaseous hydrocarbons (Fig.
5). G-Cs are the main gases generated after heating aC33#fereas Cis mainly produced after
heating at 390°C for 104 days. The concentratio@,e€s is greater for samples M31, E38 and E40,
which have higher HI values (Fig. 5, Tab. 1). Oa tontrary, the concentration of € higher for

samples M2, M23 and E19, which have lower HI valiieg. 5, Tab. 1).

Tab. 1. Mean calculated vitrinite reflectance (Radal extractible organic matter (EOM), total anga

carbon (TOC), Hydrogen index (HI) and biomarkerosbf Kimmeridge clay samples after 104 days

of maturation.

o TOC HI(mgHC/g EOM (mglg MeanR! Pr/in- Ph/n-  20S/ 22S/
sample T(C?) i oy TOC) TOC) ) D& PIPh o o (20S+R§ (22S+R§
M2 3.0 327 150 * * 107 102 063 029 _ 050
M23 5.4 471 249 070 007 103 125 085 035 051
M3L 283 6.8 501 365 071 009 142 075 098 029 053
E19 10.0 469 201 072 010 108 082 052 027 049
E38 14.8 525 257 067 006 137 065 060 036 048
E40 15.4 530 366 066 003 153 074 1.02 042 051
Mean 069 007 125 087/ 077 033 __ 050




M2 2.03 101 122 1.20 0.11 0.57 0.13 0.09

M23 2.22 220 181 1.27 0.14 0.68 0.08 0.08
M31 338 4.05 162 172 1.22 0.09 0.76 0.09 0.13
E19 4.02 190 111 1.21 0.09 050 0.07 0.06
E38 13.27 102 116 1.24 0.12 059 0.04 0.07
E40 13.18 96 142 1.19 0.04 0.94 0.08 0.14
M ean 1.22 0.10 0.67 0.08 0.10
M2 2.35 9 35 * * 0

M23 3.72 19 12 * *

M31 390 3.93 23 87 * * 0

E19 8.47 34 27 * * 0

E38 5.44 46 19 2.15 0.13 0

E40 5.02 72 76 2.19 010 O

M ean 2.17 0.12

Pr: pristane. Ph: phytane. *Unquantifiable ratios (very low concentrations). 'see appendix 1. “20Sand
20R are epimers at C-20 in the Cyg 5a,14a,17a; 22Sis Csp 17021 22S hopane and 22R is Cs, 1702158
22R hopane.

Ci5-Css n-alkanes, accompanied by a few isoprenoids, ratdty and alkylcycloalkanes
(alkylcyclohexanes and pentanes), are predominargamples up to their total degradation after
heating at 390°C for 104 days (Fig. 5). Prin;@Ph/n-Gg and Pr/Ph ratios show a progressive
decrease with increasing thermal maturity (TabFify, 6A, B). Hopanes and steranes as well as
triaromatic (TAS) and ring-C monoaromatic sterojlAS) are quickly degraded during maturation
and completely disappear after heating 104 dag88iC (Fig. 5). 22S/(22S+R) &Z1 22R hopane
and 20S/(20S+R) 4 5,140,170 sterane ratios are > 0.30 after heating 104 day288°C
corresponding to a maturity just below the peakibfjeneration (Tab.1, Fig. 6C). Present in lower
amounts, di-aromatic hydrocarbons dibenzothiophenaphthalenes and biphenyles) and heavier
polyaromatic hydrocarbons (phenanthrenes, pyrena$ fuorenthenes) and their methylated
derivatives are present in the ARO (Fig. 5). THatiee proportion of some of them with increasing
maturity has allowed the calculation of the mean(Rab. 1, appendix 1). The n-alkanes and the di-
aromatic hydrocarbon concentrations are higherstmmples with the higher OM oil generation
potential (M31, E40 and E38) while the concentratiof the heavier polyaromatic components are

higher for the less oil-prone samples (M2, M23 &i4, Fig. 5).
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Fig. 4. Comparison of the relative proportion dfusated, aromatic hydrocarbons and NSO during oll

generation (Rc of ca. 0.70%) after 104 days (fibgchbols) and 72 hours (open symbols) of thermal

maturation. Data of normal crude-oil from Tissotluelte, (1984).
1.1. Comparison with shorter duration experiments

Comparable Rock EvAparameters and mean Rc are obtained after maturfaidl04 days and 72
hours (Fig. 3, 7A), indicating that similar stagefsthermal maturity have been reached. The Rc
obtained after maturation at 470°C for 72 hours &80%) is slightly higher than the mean Rc of
2.17% reached after maturation at 390°C for 104sd#&yg. 6A). However, the uncertainty of Rc
values at this stage of maturity is greater becdhseconcentrations of the aromatic components
which served for its calculation are lower. Thiffatience may be related only to this uncertainty
attached to the calculation of the Rc. Note thatriteasured vitrinite reflectance values are similar
between the two series: 2.12% * 0.10 for the stiorétion experiments and 2.14% +0.05 for the
long-duration experiments. Similar biomarker ratioscluding 20S/(20S+R), 22S/(22S+R),
pristane/phytane (Pr/Ph), Pr/n;@nd Ph/n-Gratios are obtained after maturation for 104 days$ a

72 hours (Fig. 6A-C).
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Fig. 5. Evolution of the concentrations of gas,naaitic (ARO), saturated (SAT) hydrocarbons, n-allkatiacluding alkylcycloalkanes and isoalkanes),
hopanes (Hop), sterane (ste), monoaromatic (MAf&ypmatic steroids (TAS), di-aromatic (dibenzogitienes, naphthalenes, biphenyles) and poly-aromatic
hydrocarbons (phenanthrenes, pyrenes, fluorenshexfer 104 days of maturation at 283°C, 338°C 3@@°C. The division of hydrocarbons generation

stages (in black) is based on Rc values, Rock gaemeters, biomarker ratios and corresponding fdata the literature (Fig. 2, Landais et al., 1994)
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50,140,170 Cy Sterane after 104 days (in red) and 72 hoursasfithl maturation (black).

In accordance with the Rc values, the similarityttod biomarker ratios between the two series of
laboratory thermal maturations suggests that sinslages of maturity have been reached after the
long and the short-duration experiments. The 20S4R) value of ca.0.33 and 22S/(22S+R) value of
ca.0.50 obtained after thermal maturation at 28ffC104 days are typical values of the early oil
generation stage (Fig. 6C) (Mackenzie et al., 1$8fers et al., 2007; Seifert and Moldowan, 1981).
Whatever the duration of the maturation, sampled M=10 and E38, with the higher oil generation
potential (HI> 500 mgHC/g of TOC, Tab. 1), stilintain slightly lower Pr/ n-G ratiosfor relatively
high Ph/n-Ggratios. Thigndicates the presence of a less oxygenated OM (@, dfig. 6B). As for the
shorter experiments (Cavelan et al., 2019a), sarii&l, E38 and E40 (higher HI values) generated

higher amounts of SAT+ARO hydrocarbons enrichedlkanes, di-aromatic hydrocarbons andGz
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gaseous hydrocarbons, while M2, M23 and E19 (loMievalues) generated the highest amount of
CO,, lower contents of SAT+ARO richer in heavier pobymatic components (Fig. 5). However,
some differences are observable between the l@mgkthe shorter maturation experiments. While the
total concentrations of EOM generated in the eaillygeneration stage are similar between the two
maturation series, samples matured for 104 dayibiexbwer NSO, CQ, C;-Cs and slightly higher
SAT, ARO, and alkane concentrations (including keaks but also branched alkanes, methylalkanes,
isoprenoids and alkylcycloalkanes) than samplesuredtfor 72 hours (Figs. 4, 7). The relative
proportions of SAT, ARO and NSO after 104 days atumation are closer to the composition of the
natural crude oils from Tissot and Welte, (1984ig(R). The difference in alkane concentrations is
more pronounced for samples with the higher OMgeiheration potential (IH >500 mgHC/g TOC):

M31, E38 and E40 (Fig. 7). Similar concentratiorfspoly- and di-aromatic hydrocarbons are

obtained.
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Fig. 7. Comparison of A) extractible organic matfEOM), B) saturated (SAT), aromatic (ARO)
hydrocarbons, C) NSO, D) alkanes (hopanes, sterargkanes, branched alkanes, isoprenoids and
alkylcycloalkanes), E) ECs gaseous hydrocarbons and F) ,C€ncentrations in the early oll
generation stage after 104 days and 72 hours ofmtiematuration. The division of hydrocarbons

generation stages is based on Rc values, Rockpavaineters, biomarker ratios and Fig.2.
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In the condensate wet gas zone, the increase inmteration duration resulted in the
production of higher £€Cs concentrations for samples with the higher oilegation potential (M31-
E40), lower G and lower CQ® concentrations (Fig. 8). Comparable alkane andraliratic
hydrocarbon concentrations are obtained in the @asate wet gas zone after maturation for 104 days
and 72 hours. However, significantly lower concatitins of poly-aromatic hydrocarbons are
observed after maturation for 104 days (Fig. 8H)e Toncentration of polyaromatic hydrocarbons
decreases from the sample M2 and E40 as a funofidhe initial oil generation potential of the
samples (Fig.8E). Lower NSO concentrations areiiodtiafor most of the samples from the longer

duration experiment (Fig. 8C).
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Fig.8. Comparison of the concentrations of A),CB) C,, C) NSO, D) G-Cs gases and E) selected
polyaromatic hydrocarbons (phenanthrenes, pyrendsflaorenthenes) in the condensate wet gas
zone after 104 days and 72 hours of thermal mabumalhe division of hydrocarbons generation

stages is based on Rc values, Rock Eval parambiensarker ratios and Fig.2.
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Fig. 9. Comparison of A) £Cs, B) C, and C) CQ concentrations in the dry gas zone after 72 hours
(Cavelan et al., 2019a) and 104 days (this stuflfhesmal maturation. The hydrogen index increases
from samples B2 to E40. The division of hydrocabgeneration stages is based on Rc, Rock Eval

parameters, biomarker ratios and correspondingfdatathe literature.

In the dry gas zone, the increase in the duratiomaturation allows the production of highef C
concentrations and still higher concentrations @ QFig. 9). G-Cs are, however, present in slightly
lower amounts after maturation for 104 days in ding gas zone (Fig. 9A). The concentration of
residual NSO, poly- and di-aromatic hydrocarbormstao low at this stage of maturity to allow a good
comparison between the two series. The concentrafi@, increases from M31 to E40 as a function
of the initial oil generation potential of the ON*ig.9B) while the concentration of G@ecreases

(Fig.9C).

1.2. Evolution of porevolume and surface area after 104 days of maturation

1.2.1.1sotherms

An example of the evolution of nitrogen adsorptiand desorption isotherms at 77K with
increasing maturity is presented in Fig. 10. Whatetheir initial composition and maturity, all
samples show type IV isotherms, indicating the gmes of mainly mesoporous materials (Sing,
1985). The shape of the hysteresis loops indidiiegpresence of pores with slit-shaped associated
with aggregated plate-like particles (Sing, 198%wever, in natural materials such as shale rocks,
previous studies (Clarkson et al., 2013; Schmittlet 2013) revealed that the assumption of slit-

shaped pores could be subjected to error, anchémuto be considered with caution.
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Fig. 101. Example of the evolution of KCF sampleif’ogen gas adsorption and desorption isotherms

(at 77K) with increasing thermal maturity.

The volume of gas adsorbed around,p#p0.992 is low after maturation at 283°C for 1Czysl
(Rc=0.69%, Fig. 10). After maturation at 338°C @®&0°C for 104 days, the volume of gas adsorbed

increases progressively, indicating the increasaimple pore volumes.
1.2.2.Pore volumes, specific surface areas and pore size

The total pore volumes (Vp) and the BET specifidaste areas @) of samples are low after heating
at 283°C for 104 days (Tab. 2). At this maturastage, the Vp1.59 cm3/100g) and the& < 9.31
mz2/g)decrease from M2 to E40, and thus decrease witiintirease in the initial OM oil generation
potential. The PSD determined using the DFT andBtht¢ methods give similar results (Figs. 11, 12)
and show that all KCF samples exhibit a large mize distribution mainly ranging from meso to
macropores (Fig. 12) after maturation at 283°C 6@ days. The BJH method was used to
characterize the mesoporosity, the DFT was usedetermine the mesoporosity and part of the
microporosity, and the DR was used to assess theoparosity. A comparison of the surface areas
and the pore volume calculated with these differantlels with the &t and the Vp enabled the

relative contribution of the meso and the micropgrdace area and pore volume of each sample to be

estimated.

Tab. 2. Total pore volumes (¥ BET specific surface areass;), surface areas $) and pore

volumes (\s;4) determined using the Barrett, Johner and Halenmddhod (BJH) (adsorption
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93 isotherms) and the density functional theory (DFfiGropore volumesv,i...) and micropore surface
94  areas %...) determined using the Dubinin-Radushkevich mod®®&) for three representative

95 samples after 104 days of thermal maturation.

T VD SBET SBJH VBJH SBJH,/ SDFT VDFT SDFT/ Sr'ﬂicro, Vmicro. DR SDR/ VDR/

Sample (°C) (cm3/100g  (m?/q) (m?/g; _ (cm3/100g SBET (m?/q) (cm3/100g SBET DR (m?g (cm3/100g SBET Vit (%)
M2 159 931 3.1 1.2 0.35 5.92 1.49 0.64 9.99 0.35 1.13 223
M31 283 126 264 1.7 1.19 0.64 155 1.12 0.59 2.02 0.07 0.77 5.7
E40 0.97 189 124 0.92 0.69 1.05 0.95 0.55 1.18 0.04 0.65 4.3
M2 1.89 3.76 2.63 1.82 0.7 2.46 1.76 0.65 4.18 0.15 111 7.9
M31 338 1.69 36 204 162 057 2.23 155 062 4.02 0.14 1.12 85
E40 291 6.61 333 272 0.5 3.9 274 059 557 0.2 0.84 6.8
M2 562 195 18.22 5.08 0.94 1436 5.25 0.74 20.92 0.74 1.33 13.2
M31 390 6.87 169 11.21 6.49 0.67 11.36 6.47 0.67 16.56 0.59 0.97 8.6
E40 285 536 383 275 072 3.04 2.81 0.57 3.97 0.14 0.74 49

96

97  As shown by the pore volume determined using thid BJg;s) close to the ), most of the pore

98 volume is provided by meso and macropores in theiesti samples (Tab. 2). However, contrary to the

99 other two samples, the loweg;§ Serratio far from 1.0, the slightly higherpsr / Sger ratio and
100 especially the higherpR / Sger ratio close to 1 after heating at 283°C indicheg most of the specific
101 surface area of the sample M2 is provided by miorep (Tab. 2). The p&/Vt ratio indicates that
102  micropores account for about 22% of the total payeime in this sample and less than 6% in the
103 other two samples. This is well substantiated l&yRISD from the DFT methods, which showed the
104 presence of two controlled-size porosities abo8tand 4 nm in diameter in M2 (Fig. 12). These
105 porosities have a significant contribution to tbial specific surface area after maturation at 288t

106 104 days.

18



107
108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

A}07037+|‘\Az" Dvgis —

A TMIT - Re=2:47%
——E40 / \
' I

P2 S
0.02 J r)‘ _ xﬂ

W”‘j

=]

(=]

=
micropoyes

0.00
10 100
Pore width, d (nm)

20 o—im; Dry-gas
Re=2.17%

o
o

Mesqpores —[[macropores

%

2T

ICIOpOre.

£

o
o

dS/dLog(r)

e
o

5
LA LSS
0.0, I I P

1

10 100
Pore width, d (nm)

Fig. 11. BJH A) pore size and B) surface areaidigtions of samples M2, M31 and E40 after thermal

maturation at 390°C for 104 days.

After heating at 338°C for 104 days, thg Yhe \kjn, ags@nd the Ver increase (Tab. 2, Fig. 5). While
the Ser increases for M31 and E40:% strongly decreases for M2 due to the decreads mumber

of micropores around 1.3 nm in diameter after naton at 338°C (Tab. 2, Fig. 12). E40, the highly
oil-prone sample, exhibits higher, ¥nd $er than M2 and M31, which show similar features (T2)b.
The differences between samples are less signifettathis thermal maturity. All samples exhibit a
similar PSD, with a predominance of mesopores rangaainly from 4 to 150 nm in diameter (Fig.

12).

As shown by the ¥y close to the Y, these mesopores account for most of the poremelu
after maturation at 338°C. The PSD from the DF Twéner, shows the presence of a controlled size
microporosity around 1.3 nm with a relatively loantribution to the pore volume (W/Vt of ca. 8%,
Tab. 2, Fig. 12) but a significant contributiontbe specific surface area. This feature may exjtan
Spor / Sger ratio close to 1 in all samples and thgS Ser and S/ Sger ratios far from 1.0 (Tab. 2).
As shown by the W:/V: (%), these micropores account for about 8% ofpbee volume of KCF
samples after maturation at 338°C for 104 dayserAftaturation at 390°C for 104 days, theand
the Ser increase strongly except for E40 for which theaki@s remain relatively stable (Tab. 2, Fig.

5).
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Fig. 12. DFT pore size (left) and surface arearithistion (right) of samples M2, M31 and E40 after

thermal maturation at A) 283°C, B) 338°C and C)°&fbr 104 days.

The Vp and the &t thus decrease with the increase in the initial T&@@ OM oil generation
potential. The ¥,y still close to the Yindicate that the total pore volume of samplestiis mainly
provided by meso and macropores (Tab. 2), widariduted between 2 and 150 nm after maturation
at 390°C for 104 days (Figs. 11, 12). The PSD ftbm DFT, however, shows the increase in the
number of pores at1.3 nm and 4 nm for M2 and M31 (Fig. 12). While saemicro and small
mesopores make a relatively low contribution tottital pore volume (W/V; ratio between 8.6% and
13.2%), they provide a significant part of the spesurface area marked by a high DR micropore

surface area @) (Fig. 12, Tab. 2). The PSD from the DFT methodgast that micropores less than
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0.4 nm in diameter with a high contribution to t@ecific surface area are present after heating at

390°C for 104 days but are not quantifiable byagem adsorption.

1.2.3.Comparison of porosity evolution with shorter duration experiments.

Similar trends in pore volume evolution are obsdrafter 104 days (Fig. 5, this study) and 72 hours
(Cavelan et al.,, 2019a) of thermal maturation. Tl pore volume, very low in the early oll
generation stage, increases progressively to theyas zone (Fig. 5). While no real differences are
observed during oil generation, some slight dithess are, however, visible between the two series
during gas generation (Fig. 13). Slightly lower @eolumes are observed in the condensate wet gas
zone. Increasing the duration of thermal maturatioes not allow the formation of a greater pore
volume at this stage of maturity. In the dry gaseahe relation between the pore volume and the
thermal maturation duration is not clear. While B#hibits a similar pore volume after maturation for
72 hours and 104 days, M31 exhibits a higher palere and E40 a lower pore volume after
maturation for 104 days (Fig. 13). Despite the thet all samples exhibit a similar porosity mainly
composed of widely distributed mesopores and macesy differences in PSD are observed after 104
days (Fig. 12) and 72 hours of thermal maturat@avelan et al., 2019a), especially in the condensat
wet gas zone. Contrary to the results from Cavelaal. (2019a), where highly oil prone samples
contain mainly pores < 10 nm and less oil pronepasncontain pores > 10 nm, less important
differences of PSD are observed between our sanafles 104 days of maturation (Fig. 12). The

pores are mainly comprised between 1 and 80 nriaimeter.
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Fig. 13. Comparison of total pore volumes after tiggs (this study) and 72 hours (Cavelan et al.,

2019a) of thermal maturation at different matusitie

2. Discussion

2.1. How useful isit to combine different modelsfor nitrogen adsor ption measur ements?

The concomitant use of different models for nitnogelsorption measurements, such as the DFT and
the DR, enables to learn more about the pore steictf KCF rocks. In accordance with BJH pore
size distribution and previous work, DFT pore siigtributions show that most of the remaining pore
volume in KCF rocks is provided by meso and macrepavhich vary widely in diameter from 2 to
160 nm in the early oil generation stage. Howetle®, PSD curves from the DFT, which are more
precise for microporosity and small mesoporosityeasment, reveal the presence of two controlled-
size porosities at about 1.3 and 4 nm in diamaisly visible in the sample with the lowest oil
generation potential in the early oil generatioagst (M2, Fig. 12). These two controlled-size
porosities are also observed in the condensatgagerone and are clearly visible in M2 and M31 in

the dry gas zone (Fig. 12). According to the shafpthe isotherms hysteresis loops (Fig. 10), these
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micro and small regular mesoporosity could corregpo slit-shaped pores associated with the plate-
like clay particle aggregates previously observedCF rocks using SEM imaging (Cavelan et al.,
2019b). While these small meso and micropores géipanake a limited contribution to the pore
volume, they provide a high specific surface afgg.(12) at the origin of the higher total BET and
DR specific surface area of M2. Their role in gawage and adsorption phenomena should thus not
be neglected. In previous SEM images, the phytdgpdeaic orange AOM, abundant in oil-prone
rocks, appeared as a ‘gel’ which seems to fill ititerlayer space between minerals, reducing the
mineral associated pore volume of certain sampiésré maturation (Cavelan et al., 2019b). We can
thus suggest that M31 and E40, which initially eemtsignificantly higher amounts of orange AOM
than M2 (Cavelan et al., 2019a), exhibit initiadlyjower micro and mesoporosity associated with clay
sheet aggregates. Then, the filling of the porosftyhese two higher oil prone samples by effluents
during oil generation makes the rest of these pwrascessible to nitrogen adsorption. Hence their
lower porosity at 1.3 and 4 nm in diameter duririggeneration (Fig. 12). During the progressive
conversion of residual OM and oil into gaseous bgdrbons and the ensuing generation of secondary
pores in OM, some micro and mesopores associatbdclgly minerals may be progressively released
and/or become more accessible to nitrogen adsarplitiis probably explains their increasing
contribution to the pore volume and the specifidage area (increase iniS, prand Vicro, pr) from

the condensate wet gas to the dry gas zone in sarif#2 and M31 (Tab. 2, Fig. 12). Indeed, thg 5
Sser> 1in M2 and M31 indicates that most of the specificface area is provided by micropores
(Tab. 2). In the sample E40, a more extensive pgsdig/alteration of the pore structure in response t
its important gas generation may have limited tbeessibility of these pores to nitrogen adsorption,
explaining the absence of pores 1.3 nm in diamietehe dry gas zone (Fig. 12). Although this
relatively scarce porosity associated with clayestaggregates makes a small contribution to ttaé tot
pore volume, it is a major contributor to the sfiegurface area and may have a significant abiity
adsorb and retain gas. These pores could thuscalstnibute to the gas storage capacity of these

source rocks.

2.2. Effect of theduration of confined thermal maturation on OM thermal degradation
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As previously demonstrated (Landais et al., 1994p®@y 1988), different time-temperature pairs can
thus be used to reach the same stage of matusstexpected, comparable Rc and thermal maturity
biomarker ratios are obtained after thermal maitmator 72 hours (Cavelan et al., 2020) and 104
days, indicating indeed that similar stages of migthhave been reached: the early oil generatian (R
ca. 0.70%), the condensate/wet gas (Rc ca. 1.288c)he dry gas zone (Rc: 2.2-2.5%) (Tab. 1, Fig.
6). It is thus possible to compare the bulk, théemwar composition of OM and the porosity between
the two series as a function of the duration ofuraion experiments. Our results show that Pr/Ph,
Pr/n-Gs Ph/n-Gg ratios and the relative proportion of the diffdreopane and sterane configurations
do not depend on the duration of the maturatiorb(Ta Fig. 6). The Rock EValparameters do not
exhibit variations related to the duration-tempematpairs chosen for the experiments (Fig. 3). This
well substantiates the results of Landais et &94) on type Il source rocks and OM isolated frowen t
Paris basin. Similar evolution of EOM, ¢Cand G-Cs concentrations and comparable OM
components with similar distributions are obserie@AT and ARO fractions for long (104 days)
(Fig. 5) and short (72 hours) maturation experimeRtrthermore, the choice of the time-temperature
pairs does not influence the differences obsenatdiden samples with various initial oil generation
potential. In both cases, the concentration of E(@8pecially of SAT and ARO), alkanes and di-
aromatic hydrocarbons in the early oil generatidtags and thus the concentration of-@G
hydrocarbon gases during gas generation incredbelvei OM oil generation potential (Fig. 5). These
longer maturation experiments thus confirm theuifice of the slight variations in the initial OM
composition of KCF mudstones on the amount ancttimeposition of EOM generated, as previously

discussed (Cavelan et al., 2020, 2019a).

However, some differences are visible betweentwheseries during oil and gas production.
Shorter duration experiments (72 hours) appeaavorfthe production of EOM enriched in NSO,
while long-duration experiments (104 days) seerfat@r the production of EOM enriched in SAT
and, to a lesser extent, ARO hydrocarbons in thly ed generation stage (Figs. 4, 7). The relative
proportion in EOM of SAT and ARO hydrocarbons appdhus closer to the composition of natural

crude oils (Fig. 4). Hence, residual EOM exhibitves NSO and especially lower polyaromatic
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concentrations such as phenanthrenes, pyrenesooeffthenes during gas generation stages (Fig. 8).
The increase in the maturation duration, and thesincrease in the residence time in the thermal
maturation system, appears to enhance the degraddtheavy NSO components into SAT and ARO
hydrocarbons. This probably explains the higheamkconcentrations in the SAT fraction after the
long-duration experiment in the early oil genenatgtage (Fig. 7). Similar results were previously
found on type |l Paris Basin source rocks and typpMahakam coal (Landais, 1991; Landais et al.,
1994). On the contrary, lowenrCs concentrations are generated in the early oil iggion stage after
the long- duration experiment (Fig. 7). As previgusuggested by Landais et al. (1994), the lower
temperature used for the long-duration experim@83{C for 104 days) probably led to a less
pronounced early cracking of OM into light compotseby preventing low energy bonds from being
broken during the early stage of maturation. Thay mlso explain the slightly lower; €oncentration
for the longer duration experiment in the condesisadt gas (Fig. 8). This lower early transformation
of OM then leads to a more efficient secondaryldracof OM at higher maturity stages. This results
in higher G-Cs concentrations in the condensate wet gas zondcaadnore efficient conversion of
C»-Cs into G, in the dry gas zone responsible for the lower ieing G,-Cs concentrations and the
significantly higher @ concentration of the longer maturation experin{€igs. 8, 9). Note, however,
that contrary to the Paris basin source rocks, &k} concentrations did not appear to be influenced
by these processes (Landais et al., 1994), incrgdBe duration of the experiments in the KCF also
seems to lead to the production of lower,G®ncentrations in the early oil generation stage b
higher concentrations during gas generation (Fi®). Nevertheless, the difference in £O
concentrations between the two series seems tondepe the initial OM composition of KCF
samples, especially during condensate wet gas aggorerThis difference, which is significant foreth
less oil-prone samples (M2 to E19), does not emitlhe two highly oil-prone samples (E38 and E40,
Fig. 8). This suggests that the effect of the domatemperature pair choice on OM thermal

degradation may also slightly depend on the origdid composition and oil generation potential.

After the long-duration experiments, the concerdrest of G-Cs are still very high in the dry gas

zone compared to the concentrations ¢f(klg.5). All biomarker ratios and Rc values (viexdf by
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punctual vitrinite reflectance measurements) ingidhat the dry gas zone has been reached after
maturation at 390°C for 204 days. However, basedasnconcentrations alone, the production and the
composition of gaseous hydrocarbons are closdraset of the middle/end of the condensate/wet gas
zone. These differences were also visible for sthoration experiments, but were more pronounced
(Cavelan et al., 2020). The conversion ofGg gaseous hydrocarbons into methane was delayed
during the short and the long-duration experimelaading to a discrepancy between the predicted
maturity (Rc, biomarkers) and the real thermal mitwf the OM. Despite a significant increase in
thermal maturation duration, the composition of gaseous hydrocarbons generated by laboratory
experiments remains somewhat different from thdseio under low temperature, after long-duration
geologic maturations. Moreover, artificial thermaturations were carried out on powdered samples
and under an external hydrostatic confining presstihis cannot accurately reproduce the effect of
the lithostatic pressure that affect the structfréhe rock in sedimentary basins. During laborator
thermal maturations, the pressure is transmittexdthre rock by the effluents (water, hydrocarbams a
gases). The relation between porosity, oil expulsaaad retention processes is thus not accurately
simulated. This may impact both the OM thermal ddgtion and the development of pores.
Nevertheless, the pore volumes obtained durindgicati maturations (ranging from 0.97 cm3/g to
6.87 cm3/g) are very consistent with those of radiysmatured organic-rich shales. For example,
Mastalerz et al. (2013), Milliken et al. (2013),nPat al. (2015), Song et al. (2019), among many
others, found similar porosity and pore volumestheir naturally-matured samples for similar
maturities. Artificial thermal maturation remainsetefore a good technigue to study the porosity of

shales at different thermal maturities, despitedifferences with regard to natural sedimentaryrizas

2.3. Doestheduration of confined thermal maturation affect the evolution of poraosity?

Similar variations in pore volume are observed fiti early oil generation to the dry gas zone after
104 days (this study, Fig. 5) and 72 hours of tlmmaturation (Cavelan et al., 2020, 2019a). Total
pore volumes and specific surface areas are veny daring early oil generation (probably
filled/occluded by oil) and then exhibit a progrigesincrease (probably due to the formation of pore

in OM), which depends on the initial OM oil genéwat potential (Fig. 5). The more a sample has
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produced hydrocarbons (especially light saturamdpounds) able to migrate and fill the adjacent
porosity, the smaller the pore volume is duringgsheration. This was observed during the short-
duration and the long-duration experiments. Indesainples with a higher OM oil-generation
potential (such as E40) have lost a higher volumeaoes during oil generation, occluded by the
larger quantity of SAT and ARO generated (Tab.T2)e increase in maturation duration allows the
production of less viscous EOM enriched in SAT &RiD hydrocarbons, but this does not influence
the total amount of EOM generated during oil getena(Fig. 7). This probably explains why similar
BJH pore size distributions and similar pore volanage observed after 72 hours and 104 days of
maturation in the early oil generation stage (Ri8). The slight differences of SAT, ARO and NSO
relative proportions between the two series apfimas to have a limited effect on pore occlusion
processes during the early stages of maturatios.Wéll substantiates the hypothesis that a linktex

between the OM composition, its capacity to gemengtirocarbons and the evolution of porosity.

In most of the studies carried out on organic-istiales, gas generation coincides with the
development of abundant pores in OM, in responshdgproduction and the expulsion of gaseous
hydrocarbons (Bernard et al., 2012b; Curtis et2411,2; Han et al., 2017; Ko et al., 2018; Loucks et
al.,, 2012; Song et al., 2019; Y. Wang et al., 20204y et al., 2019, among many others). This
formation of pores was also observed in the KCErafhort-duration thermal maturation experiments
(Cavelan et al., 2020, 2019a). However, these teshbwed that the massive production of gaseous
hydrocarbons may lead to deformations of the OMcstre that may cause the decrease of the pore
volume at the end of the condensate/wet gas zspecmlly for the highly oil-prone samples (such as
E40) which generated higher concentrations of gaséxydrocarbons. We can suggest that a more
unstable pore network, particularly sensitive tesgure-induced deformations (tied to the presehce o
more abundant and well-connected gas devolatitizatacuoles), formed in the highly oil-prone rocks
in response to the massive generation of gasealr®darbons. The increase in maturation duration
causes an increase in the amount gCCgenerated in the condensate wet gas zone, edpdoial
samples with a higher OM oil generation potensaich as E40, Fig. 8). These samples may thus have

suffered earlier or more pronounced alteratiorhefrtpore network in response to the more important
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generation of gaseous hydrocarbons, leading tdtklidower pore volumes than for the shorter
duration experiments (Fig. 13). The less oil-preample M2 generates relatively similar amounts of
gaseous hydrocarbons after heating for 72 hoursl@adlays (Figs. 8) and exhibits comparable pore
volume and PSD (pores widely distributed from 8.6® nm in diameter) in the condensate wet gas
zone. This provides support for this hypothesig.(Ri3). A different timing and amplitude of the
alteration of the pore network in response to tifferént amounts of gaseous hydrocarbons generated
between the two series of maturation may explaendifferent PSD observed for the highly oil-prone
samples M31 and E40. After maturation for 72 hoii81 and E40 are composed of meso and
micropores less than 40 nm (Cavelan et al., 201@a)e they contain mainly meso and macropores
more than 8 nm after heating for 104 days (Fig. ¥29 can suggest that the lower temperature used
by the longer maturation experiments, which seemprévent the lower energy bonds from being
broken early on, may result in a slower and momadgeneous gas generation throughout the OM
particles forming a better interconnected and ithisted OM-hosted porosity in the condensate wet
gas zone. Despite frequent collapse/alterationtsyéms may have enhanced early pore coalescence

at the origin of the larger pore sizes after hepton 104 days.

In the dry gas zone, as previously observed aftguration for 72 hours, the specific surface
area and the pore volume of samples increase mdesoas a function of the initial OM composition
and gas concentrations (Tab. 2). Moreover, the ip8iDates a comparable porosity mainly composed
of pores larger than 10 nm in the two series. Aseoled during the short-duration experiments, the
sample with the highest OM oil generation potenfigd40) generated higher amounts of SAT and
ARO enriched in hydrogenated components (suchakames) and exhibits lower pore volume than
less oil prone samples in the dry gas zone (Fij. TH¥is confirms that the pore volume formed during
gas generation is not linearly correlated with @M oil generation potential. However, the slightly
different timing of generation and concentrations @-Cs gaseous hydrocarbon has probably
influenced the ability of the rock to preservegtse network from collapse or deformation evené th
have affected the pore volume, probably causingdifierences in pore volume between samples of

the two series of maturation. Our results show thateasing the duration of thermal maturation
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experiments influences the composition of EOM, #mount and the timing at which gaseous
hydrocarbons are generated. Nevertheless, thefegedifes, relatively small between 72h and 104
days of maturation, do not significantly affect development and the evolution of KCF mudstones’
porosity with increasing maturity. Similar trendspore volume and specific surface area are obderve
with increasing maturity and similar variations pbrosity are observed between samples with a
slightly different initial OM composition. The ctod of duration-temperature pairs for thermal
maturation experiments seems thus to have a limitgxhct on the porosity of organic-rich source

rocks.

Conclusions

The comparison between short-duration (72h) ang-thmration thermal maturations of organic-rich
mudstones shows that, for a same thermal maturityeasing the duration of thermal maturation
experiments: (i) does not influence the amount ©VEgenerated; (ii) increases the residence time of
the effluents in the thermal maturation system,aesing the degradation of heavy polar OM
components into saturated and aromatic hydrocaraonddeading to the production of EOM enriched
in saturated and aromatic components; (iii) hasigoificant impact on the evolution of KCF rocks’
porosity at the early oil generation stage, whigleantrolled more by the amount of effluents filin

the interparticle mineral associated porosity thgthe composition of EOM.

In preventing the early breaking of low energy dmnthe lower temperature used for the
longer duration experiments results in a less proned early cracking of OM, resulting in a differen
timing of gas generation, more gradual throughbat®M patrticles. This process does not influence
the global evolution of the pore volume during mmatwn. However, it seems to influence the
amplitude and the timing of pore alteration/defdiora events that occur during gas generation,
leading to slightly different pore size distribut®and pore volumes, especially in highly oil-prone
samples. The impact of the duration-temperaturespafi thermal maturation experiments on the
development of KCF mudstones porosity remains, ewelimited, suggesting that results from

different time-duration experiments and natural gl@scan be easily compared.
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582 Appendix 1

583 Calculation of biomarker ratios

584 MDBT: methyldibenzothiophene ratio = 4-MDBT/1-MDRRadke, 1988).
585 *  Rwpsr (%) = 0.40 + 0.30*MDR — 0.094*MDR? + 0.011*MDRRadke, 1988).

586 » DPR: dimethylphenanthrene ratio = (2,6-DMP + 2,7®M 3,5-DMP) / (1,3-DMP + 1,6-DMP
587 + 2,5-DMP + 2,9-DMP + 2,10-DMP + 3,9-DMP + 3,10-DMRadke, 1988).

588  + Ropr(%) = 1.50 + 1.34*log, DPR (Radke, 1988).

589 * MPI-1: methylphenanthrene index = 1.5 * (2-MP + 3MiPh + 1-MP + 9-MP) (Radke et al.,
590 1986).

591 *  Rupr1 (%): for Ro< 1.4%, Ro = 0.7*MPI-1 + 0.22 (Boreham et al., 1988)r Ro> 1.4%, Rc
592 =-0.55*MPI-1 + 3.0 (Boreham et al., 1988).

593 * Mean calculated vitrinite reflectance, Rc (%) sfR+ Roprt Rupi-1)/3.
594
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Highlights

» Long and short-duration thermal maturation experiments are compared.

* Longer duration experiments enhance the degradation of polar organic components.
* Longer duration experiments exhibit dlightly different gas concentrations.

» Duration-temperature pairs do not greatly influence the evolution trend of porosity.

» Duration-temperature pairs influence pore size distributions and pore volumes.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




