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Abstract- Analyses of both type Il organic-rich low-mature dstones from the Kimmeridge
Clay Formation (Yorkshire, England) and gas-matmelstones from the Vaca Muerta formation
(Argentina) were performed using petrographic aBtM®bservations to characterize the organic and
inorganic components of the rocks and their retetgp with porosity. The porosity analyses using
nitrogen adsorption measurements and mercury iotruporosimetry were then evaluated as a
function of both composition and thermal maturDespite the absence of variation in the pore size
distribution and the total pore volume with matyritvhich is controlled by total organic carbon
content (TOC), this study demonstrates that thee pwtwork of these marine mudstones varies
considerably with thermal maturity. Contrary to lowature samples, whose porosity depends
essentially on mineral interparticle pores, theopity of thermally-mature rocks is mainly influexice
by organic-matter-hosted pores located within sdapn solid bitumen. Organic matter (OM)
porosity, which is rare in the low-mature stagepesps to increase during thermal maturation in
response to the thermal cracking of kerogen andmibecome predominant in gas-mature rocks. It
can therefore be considered that thermal matur&iammajor process for the development of the OM
porosity. However, the OM of high-TOC (>5.5 wt.%gsgmature samples contains smaller pores than

gas-mature low-TOC mudstones probably due to ardifice in the original OM composition between
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these high- and low-TOC samples. By analogy with Kimmeridge Clay formation, which is often
considered as time equivalent in terms of OM coritpos(Uliana et al., 1999), the high-TOC Vaca
Muerta samples appear to have originally contagredter proportions of oil-prone amorphous OM
and thus a better OM intrinsic quality for oil geaion. This difference of OM composition and
petroleum potential between Vaca Muerta marine namgs appears to have dramatically influenced
the OM-hosted pore genesis during maturation. Goersi with other studies, these results show that
thermal maturity is not the only process that cgriagn OM-hosted pore genesis in gas shale systems.
The OM composition can greatly influence the evolutof this porosity during maturation. Organic
composition and OM thermal maturity may therefoeén a complementary effect, explaining the

diversity of trends observed on porosity in natfoamations.

Keywords: shales porosity, thermal maturity, organic matbeganic petrography.

1. Introduction

Gas shale systems have been studied for many yedrthe origin and the evolution of their
pore systems remains incompletely understood. Tiffeeutty lies in the characterization of the
features of these rocks whose size is on the afdem to um (Ross and Bustin, 2009; Chalmers and
Bustin, 2008; Chalmers et al., 2012; Loucks et2411,2). The porosity of these mudstones is geryerall
subdivided into macropores (pore width >50 nm), opeses (pore width between 2-50 nm) and
micropores (pore width < 2 nm, Sing, 1985) and geslinto three pore classes (Loucks et al., 2012),
namely: interparticle pores between mineral graingraparticle mineral-hosted pores, and
intraparticle organic matter (OM) pores. Quantitatiassessments of pore volume and pore size
distribution provided by SEM imaging (Curtis et,&012; Loucks et al., 2012; Fishman et al., 2012;
Ko et al., 2018) and gas adsorption techniqueslif@ra et al., 2012; Kuila et al., 2012; Pan et al.,
2015; Tian et al., 2015) revealed that OM porositg significant component of the pore networks of
gas-mature mudstones. A multitude of factors seebetresponsible for OM-hosted pore genesis and
stability in mudstones. Organic richness, OM conitjmog and OM thermal maturity are the most

commonly cited mechanisms (Loucks et al., 2012;ti€wet al., 2012; Ko et al., 2016; Katz and



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Arango, 2018). However, there remains a lack ofearcunderstanding of the respective contribution
of these factors to the porosity (Katz and Ararg{ii,8).

In recent years, the effect of thermal maturity le®ived special attention due to the growing
recognition of its involvement in the genesis of @bkted pores (Chalmers and Bustin 2008; Curtis
et al., 2012; Loucks et al., 2012; Chen and Xi&d,42 Ko et al., 2016). Previous studies have shown
that type Il OM is mainly non-porous from the immuna stage to the early oil window (Loucks et al.,
2009; Bernard et al., 2012; Curtis et al., 2012dwver, some pores are commonly observed in
mudstones rich in type Il OM (Reed, 2017). Mostttidse OM-hosted pores appear to be inherited
from the original structures of cellulose and wodidygments (Reed, 2017). Nevertheless, OM pores
are widely observed in shales containing type Il @dn the late oil window to the overmature stage
(Bernard et al., 2012; Loucks et al., 2012). Ithes commonly assumed that OM-related porosity
increases with thermal maturity in response tothieemal cracking of type 1l kerogen (Bernard et al.
2012; Loucks et al., 2012; Chen and Xiao, 2014;efa@l., 2016, 2018). With increasing thermal
maturity some by-products called solid bitumen banformed during the thermal cracking of pre-
existing bitumen into oil and gas or from the tfanmation of a pre-existing liquid oil into gas €8t
and Welte, 1984; Lewan, 1993; Behar et al., 19%&d=et al., 2014). Solid bitumen is the dominant
maceral in thermally-mature mudstones (Hackley @artlott, 2016; Hackley, 2017). The carbon-rich
residue formed from the secondary cracking of tquil (so called pyrobitumen) is considered to be
the main contributor to the porosity in thermallgtore mudstones (Bernard et al., 2012; Milliken et
al., 2013; Hackley and Cardott, 2016; Hackley, 30The bubble-like morphology of some OM-
pores in gas-mature rocks has been interpretedridenee that this porosity stems only from the
formation of gas bubbles within pyrobitumen formefler the secondary cracking of liquid oil
(Bernard et al., 2012; Milliken et al., 2013). Thigpothesis remains nevertheless controversialdRee
et al., 2014) and some evidence shows that por@&d/ircan form earlier, in the oil window (Juliao et
al., 2015).

An increase in OM porosity with thermal maturityshaot been systematically and clearly
observed, suggesting that the relationship betweeturity and OM-hosted porosity is not

straightforward (Schieber, 2010; Fishman et alL2@urtis et al., 2012; Léhr et al., 2015; Milliket
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al., 2013). Variations as a function of the OM casipon and especially the importance of maceral
types have been noted in the last few years (Fistehal., 2012; Loucks et al., 2012; Milliken et, al
2013; Cardott et al., 2015; Ko et al., 2017, 20R). a given maturity, the OM-hosted porosity can
vary greatly between and within rocks of the saoren&tion (Curtis et al., 2012; Loucks et al., 2012;
Milliken et al., 2013; Tian et al., 2015). Moreoyaér oil-mature and gas-mature mudstones from the
Marcellus formation (Ro= 1.0% and 2.1%, Milliken a&t, 2013), high-TOC samples (TOC > 5.6
wt.%) exhibit a reduced pore volume due to smaleres compared to low-TOC samples. Similar
trends were observed for higher TOC samples (TAQ wt.%) in the gas window from the Gufeng,
the Longtan and the Dalong formations (Ro= 2.3442& Pan et al., 2015). These observations
suggest that thermal maturity alone is not sufficieo understand the evolution of porosity in
mudstones. The OM typology, its state of preseswat@nd the maceral composition may also
influence the development of the OM-hosted poro@tighman et al., 2012; Mastalerz et al., 2013,
Cardott et al., 2015; Ko et al., 2017, 2018). Mdifferential compaction phenomena influencing the
fabric and the texture of rocks are commonly useexplain these observations such as differences in
the relative timing of compaction and cementatiornvariations in TOC and clay mineral contents
(Milliken et al., 2013; Pan et al., 2015; Ko et, &017). This issue leads us to ask the following
questions. What is the importance of the OM contfmsicompared to compaction/cementation
phenomena? What is its contribution to the poréesys of gas-mature mudstones?

In order to better understand the different paranseinfluencing the nature, structure and the
distribution of pores in gas-source rocks, thiglgtinvestigated low-mature and gas-mature source
rocks presenting various organic contents fromkiimemeridge Clay Formation (KCF) and the Vaca
Muerta Formation (VMF) respectively. These two fations are often considered as equivalent in
terms of OM composition and depositional environtm@dliana et al., 1999). This study first
documented the overall organic and inorganic coiltipasand thermal maturation of these mudstones
to compare their pore structure as a function of @istturity and mineral composition; then the
organic matter composition of both low-mature ard-ghature mudstones was investigated using
Rock-Eval, petrographic observations and palynefaeinalysis; and finally their pore structure was

characterized with high resolution SEM imaging te&gbes, mercury intrusion porosimetry, and low-
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pressure nitrogen adsorption measurements. Bas#tesa results, the relationships between organic
geochemistry, mineralogy and porosity were thermémnad and compared as a function of thermal
maturity. In the present study, the terminology dsiones’ was used according to the
recommendations of Lazar et al. (2015) to referottks containing more than fifty percent of mud-
size grains (<62.5 um, clay and silt).
2. Samples and methods
2.1. Geological settings

Twenty-one samples were obtained from drill comesnf the Kimmeridge Clay Formation
(KCF) and 12 from the Vaca Muerta Formation (VMARD.1, Figs.1, 2). The VMF is a marine
deposit developed in an ancient backarc embaynmawik as the Neuquén Basin (Argentina, Fig.1)
(Legarreta and Uliana, 1991; Uliana et al., 1998gdrreta and Villar, 2011; Kietzmann et al., 2011,
2014). This formation consists of a successionlatkbshales, marls and dark calcareous siltstones
interbedded with organic-rich mudstones and waokest developed from the Tithonian to the Early
Valanginian during a global eustatic highstand Eid.egarreta and Uliana, 1991; Kietzmann et al.,
2011, 2014). Mineralogy exhibits variations depegdon the basin location (Garcia et al., 2013).
Generally, quartz (16-63 wt.%) and plagioclase §1w2.%) are the most abundant components
(Garcia et al., 2013; Kietzmann et al., 2016). phaportion of carbonates is inversely correlated to
the quartz content and fluctuates greatly overfdmmation (0-51 wt.%, Kietzmann et al., 2016).
Higher clay mineral content is generally observethe southwestern part of the basin, where it does
not exceed ~30 wt.% (Garcia et al., 2013; Kietzmainal., 2016). These mudstones are characterized
by high type Il OM contents and are marked by \tammes in the OM composition (Uliana et al., 1999;
Kietzmann et al., 2014). The kerogen is mainly cosgal of marine amorphous OM associated with
variable amounts of marine microplankton and térigdsmaterials in relation to changes in eustasy
(Uliana et al., 1999; Legarreta and Villar, 2015hese fluctuations restricted the sea bottom water
circulation which temporarily favored euxinic cotidins and the preservation and the accumulation of
the OM (Legarreta and Uliana, 1991; Uliana et1899). The studied mudstones were collected in the
central basin from a borehole located in the thétlkand deepest zone of the formation in the east of

the fault system of Los Chihuidos (VMF-Well, Fig. Bamples were collected between 2647 and 2808
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meters and selected to cover a wide range of T@&iginout the thickness of the formation (Fig.2).
These mudstones are considered to reach the gdewvimith a vitrinite reflectance (%Ro0) of ~1.65%
(Legarreta and Villar 2011).

The KCF consists of organic-rich marine mudstorieesraating with marls developed from the
Kimmeridgian to the Tithonian in several Europeasibs (Figs.3, 4, Rawson and Riley, 1982; Herbin
et al., 1991). The immature part of the formatiotcoops in England, on the south coast (Dorset) and
in Yorkshire (Fig.3). The studied samples weream#td from two holes located in the Cleveland
Basin, Marton and Ebberston (Yorkshire, England,3i These mudstones are characterized by high
type Il OM contents (2-30 wt.% of Rock-E¥&@ TOC, Fig.4) accumulated in a shallow shelf regime
under low energy and anoxic to suboxic conditidRawson and Riley, 1982; Herbin et al., 1991).
These rocks have just reached the limit of thewsiildow with a vitrinite reflectance of ~0.5%
(Ramanampisoa and Disnar, 1994). The formationagked by pronounced cyclic variations in the
OM content and quality (in terms of oil-pronenessdated to climate and eustatic fluctuations at the
Milankovitch scale (Oschmann, 1988; Ramanampisah @isnar, 1994; Desprairies et al., 1995;
Boussafir et al., 1995a, b; Lallier-Verges et 8095). According to these variations, differentaonig
cycles of several orders have been distinguishe®&ghmann (1988). The studied samples were
selected in cycle | of Marton and Ebberston (Fig.filne OM composition and its variations
throughout this cycle were well-documented two desaago (Oschmann 1988; Herbin et al., 1991,
Ramanampisoa and Disnar, 1994; Boussafir et aB5d;9Lallier-Verges et al., 1995, 1997). This
third-order cycle is characterized by facies vioig (on a decametric to metric scale) from marly
shales, mudstones, bituminous mudstones and cthecdimestones (and conversely) in parallel with
changes in the oxygenation of the dispositionalirenment and organic productivity (Oschmann
1988). While the organic-rich facies of the cyclen@in mainly a marine and highly oil-prone
phytoplanctonic OM, the others are composed of miecgaompounds with a lower quality for oil
generation (Boussafir et al., 1995a; Lallier-Vergésal., 1995, 1997). Marton and Ebberston samples
were selected throughout the whole thickness ofecydetween 128.15-129.20 and 69.11-70.65
meters deep respectively (Fig.4) to cover a widgeaof TOC and OM compositions.

2.2. Mineralogy and organic geochemistry
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Rock-Eval pyrolysis is a classical method for daieing the amount, type, HC-quality and

maturity of OM preserved in source-rocks and sedisiedDepending on the estimated OM content, 50
to 60 mg of dried sediment was used for new Rock-BY (Vinci Technologies, Rueil Malmaison)

analysis. The pyrolysis program under inert gadim started with an isothermal stage (2 min.
200°C). Then, the oven temperature was raised &CB@in to 650 °C (held 3 min). The oxidation
phase corresponds to an isothermal stage at 40B&€ the temperature was raised at 30 °C'rton
850 °C (held 5 min) under purified air.

The significance of classical Rock-Eval parameteais explained by Espitalié et al. (1985a,
b). The specific parameters given by the new RogkB device were presented by Lafargue et al.
(1998). The Rock-Eval parameters used here weyeaoi@l organic carbo{TOC, wt.%), which
expresses the quantity of OM calculated from thbecsum integration of SS,, S (respectively, free
hydrocarbons, pyrolizable hydrocarbons, CO and @@duced by the breakdown of kerogen under
inert gas flux), and Speaks (CO and C{produced by pyrolysis and oxidation of residuaboa
under purified air flux); (ii) the hydrogen indekl( mg HC /gTOC), i.e. the amount of hydrocarbon
(HC) produced during pyrolysis S (iii) the oxygen index (Ol, mg COgTOC), which is calculated
from the S peak and represents the oxygenated quality of QWI;T.x , @ well-established OM
maturity indicator (Espitalié et al1985a,b), that is the temperature of the maximunouar of
hydrocarbons produced during pyrolysis.

Inorganic constituents were analyzed by X-ray ddfion (XRD) carried out on crushed
samples (< 250 pm) under Cobalt radiation (INEL&rdctometer, CPS120 curved detector). The
samples chosen for these analyses were selectmagtiout the entire Marton, Ebberston and VMF
series to cover a wide range of depth and TOC otstdrelative mineral percentages were semi-
quantified using the area under the curve for mdijfiraction peaks of each mineral and were then
corrected using 4 artificial standard samples @atooy mixtures with known abundances of mineral
standards). This method, based on Fisher and Undeingi995), assumes that there is a quantifiable
relationship between peak area and the relativeddnce of each mineral and that the factors are
constant. This allows conversion from XRD to minexbundances (Fisher and Underwood, 1995).

The results were then normalized to 100% after Ted6Gtents determined by Rock Eval pyrolysis.
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Based on the analysis of standard samples, thedeqbility averaged + 3.7 wt.% for quartz, + 4.9
wt.% for total carbonate, = 1.3 wt.% for pyrite32 wt.% for gypsum, + 4.4 wt.% for total clay ahd
8.3 wt.% for albite.
2.3. Petrography

Petrographic observations were carried out on bodk polished sections (Leica® DMRX
microscope) under oil immersion using reflected aBhdfluorescence light to identify the different
macerals. VMF and KCF polished sections were maoi@ small sample blocks impregnated with
epoxy resin. The KCF thin sections used in thiglstwere previously analyzed in Boussafir et al.,
1995a; Boussafir and Lallier-Verges, 1997. In thespnt study, palynofacies analysis (transmitted
light microscopy under oil immersion) was carriad on KCF isolated OM and the associated metal
sulphides of each sample (classical HF/HCI treatnaecording to Boussafir et al., 1995a, b). This
microscopical examination enabled the relative prtipn of the organic components to be assessed.

Scanning electron microscope (SEM) observationsewsrried out on six polished thin
sections using a SEM Merlin Zeiss® equipped withiratens secondary electron detector to image
the samples’ pore network. Two intermediary-TOC glas (~5.5 wt.%, Blc 23, Eb 30, Tab.1) and
two relatively high-TOC samples (> 11.2 wt.%, Blg@ Bb 40, Tab.1) were selected in Marton and
Ebberston to ensure the representativeness of Si&drvations throughout the KCF. For the VMF
two samples with relatively high and representali@C contents (94B, 5.0 wt.% and 102R, 6.7 wt.%
Tab.1) were selected. These polished thin secti@ne first mechanically polished to facilitate kdoa
beam argon-ion milling. Then, each section waseaalithrough a two-step process. Thin sections were
milled first using a source operated at 5 kV fdralr with a 4° tilt angle and a current of 220 |aAd
then using a source operated at 2 kV for 30 mir® (22). The thin sections were then coated with
carbon to prevent electrostatic charging and imprtve SEM image quality. Observations were
conducted using backscattered (BSE) and secontiartyans (SE) under a current ranging from 10kV
to 13 kV at a working distance of ~7.7 mm to 8.5.mm
2.4. Pore structure

The total pore volume and the PSD of macroporeslamg mesopores were measured by

mercury intrusion porosimetry (MIP) using a Micrames® Autopore IV 9500 porosimeter. About
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1.5 g of sample was crushed into fragments (~2 mdidmeter), degassed under vacuum at 105°C for
24 h and intruded with mercury up to 60,000 psitd(#Pa). The equilibration time was set to 10 s.
Penetrometers with a stem volume of 0.396 were used for the analysis. The pore throat radas
calculated assuming cylindrical pores by the Laplashburn equation (Washburn, 1921).
Measurements were then corrected for conformarmoesgSigal, 2009, see in text).

Low-pressure nitrogen adsorption measurements warged out on a Quantachrome®
NOVA 2200 apparatus at -196.15°C to measure the pore shébdiion (PSD), the specific surface
area and the volume of mesopores to large micrepéaout 1 g of sample was powdered (<250 pm)
and outgassed under vacuum at 105 °C for 24 héefualysis. Adsorption-desorption isotherms were
obtained under the relative pressure P/Po rangorg 0.003 to 0.987. An equilibration time of 100 s
was applied during the analysis. The total poreiv@ was determined after the liquid molar volume
adsorbed at the relative pressure P/Po of 0.98&.spkcific surface area was determined using the
Brunauer, Emmett and Teller method (BET) for adsompin the best linear range between the
relative pressure P/Po 0.03 and 0.33 (Brunaudr,&t%88). A minimum of 15 points was used for the
BET surface-area analysis. The PSD was determisad) uhe Barrett, Johner and Halenda (BJH)
method (Barrett et al., 1951) applied from the ggison isotherm to avoid tensile strength effect
phenomena that occur during desorption. Note tiatptot of dV/d(r) versus the pore diameter was
preferred to the plot of dV/dlog(r) versus porendéder to display the PSD. The plot of dV/dlog(r)
versus the pore diameter is frequently used tolalisihe PSD because it better shows the relative
contribution of pores, over any ranges of poressize the total pore volume (Tian et al., 2013)eTh
plot of dV/d(r) versus the pore diameter reflebsyever, more accurately the concentrations ofgore
of various size, and provides thus, a complemeritdoymation to the plot of cumulated pore volume
versus pore diameter (Tian et al., 2013). The poleme and the specific surface area of micropores
were calculated from the t-plot method using twadeis: the universal t-curve based on the Harkins-
Jura model (De Boer et al., 1966) and the Carbaokbinodel (Magee 1995; Tian et al., 2015). The
Harkins-Jura model, the one most frequently usethéncommunity, is based on standard siliceous
materials (De Boer et al., 1966). Nevertheless,Ghaegbon black model is more specific for carbon-

rich materials (Magee 1995) and should be moreagpiate for the estimation of micropore volume
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10

in gas-mature samples where the porosity is ofsso@ated with OM. The lowest detection limits for
the pore volume and the specific surface area W@tent/g and 1¢ m?/g respectively.

Clarkson et al., (2013) suggested that pore thraaiizined by MIP are similar to pore bodies
for some pore geometries including silt pores. heotry low-pressure nitrogen adsorption
measurements and MIP should thus give similar t®séccordingly, pore throat size is often
considered to be similar to pore size in shalesn@\et al., 2014). Kuila and Prasad (2011) showed
that PSD curves from MIP and nitrogen adsorptidnildka good correlation. Therefore, pore throat
size from MIP was used as pore size in this stuycbnvenience when comparing the nitrogen
adsorption data.

3. Results
3.1. Mineralogy

Mineralogical data from XRD analysis are shown @b and Fig.5. Quartz, calcite, clay
minerals, feldspar and pyrite are the main minemhpounds in KCF and VMF samples (Tab.2,
Fig.5). Both the VMF and the KCF formations shomitar carbonate contents ranging from 6.6 to 29
wt.% £ 4.9 wt.% and relatively high pyrite conte(@s2—-6.4 wt.% + 1.3 wt.%, Tab.2). However, some
differences can be noted. KCF samples are 10 t@t2@ richer in clay minerals (~53.0 wt.% + 4.4
wt.%) than VMF rocks (~26.0 wt.% + 4.4 wt.%, TabRlg.5) and are thus argillaceous mudstones.
VMF samples which contain higher amounts of feldgp&24.0 wt.% * 8.3 wt.%) and quartz (28.0
wt.% + 3.7 wt.%, Tab.2, Fig.5) are siliceous mudst Traces of gypsum are observed in KCF
samples (Tab.2) as previously noted by Despraéties. (1995).

3.2. Organic geochemistry

Organic geochemistry data from Rock Eval pyrolysis shown in Tab.1 and Fig.6 and their
variations with depth are illustrated in Fig.7. Ahkmples are organic-rich with TOC contents higher
than 2 wt.% (Tab.1; Fig.7). VMF samples exhibit I&v< 2.2 mg/g rock), HI (< 49 mg/g TOC) and
Ol (< 20 mg/g TOC) values regardless of TOC conféab.1; Fig.7C). As such, these samples plot
near the origin in the pseudo-Van Krevelen diag@md the type of kerogen is non-identifiable
(Fig.6). The high Tax values (~500°C) indicate a high maturity of OM responding to the gas

window (Fig.6B, Fig.7C). The RC/TOC ratio is cldsel (Tab.1), indicating the OM of VMF samples
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11

IS mainly composed of residual OM with a low resildpetroleum potential (low HI and, Salues)
(Tab.1, Fig.7C).

The high HI (~527 mg/gTOC in Ebberston, ~452 mgyidgMarton) and low Ol values (~20
mg/gTOC) of KCF samples show they are Type Il kero@rab.1, Fig.6A). The low production index
(< 0.1) and Taxvalues (< 435°C) indicate their low maturity (FiB)6 The RC/TOC ratio, far smaller
than 1, (< 0.62), indicates that these samplesagorst great fraction of pyrolizable OM (Tab.1).
Consistent variations of TOC, HI and $lues are observed in KCF samples (Fig.7A and(B).
values exhibit a negative correlation with TOC iaftbn (Fig.7B). Some very high-TOC samples (Eb
19, Eb 40 and Blc 30) exhibit higher pyrite congefitab.1 and Tab.2).

3.3. Petrographic observations

The results of petrographic observations are shiowfigs.8, 9 and 10 and SEM images are
presented in Figs.11 and 12. In petrographic olsiens of VMF samples, OM is mainly comprised
of highly reflective (grey) non-fluorescent granugarticles often associated with pyrite or embayed
against carbonate (Fig.8). Some of these partsihesv a fracture-filling texture (Fig.8B) or form
abundant groundmass (Fig.8A) with pitted surfaceture (Fig.8C). No identifiable biological
structures are present, corroborating the high ntyatof OM. These particles have been identified as
secondary solid bitumen which is the dominant cigaomponent in thermally mature organic-rich
mudstones (Hackley and Cardott, 2016; Hackley, PAh7SEM images, this residual OM appears as
particles hosting hanometer-scale spongy pores.(Hi§, H). A continuous spongy OM-hosted pore
network is observed inside these carbon-rich residirig.11). These spongy pores are abundant,
closely spaced and exhibit subangular shapes {RigsH). The subangular spongy pores are the most
abundant (Fig.11E, H) but many oval pores (bubileores) are also observed (Fig.11 A, B, D).
These OM-hosted pores appear to be mainly compuoisetesopores and macropores with diameter
smaller than 200 nm (Fig.11H); the larger poresably come from the merging of smaller pores.
Some pores are located between OM and mineralgyfgig.11F). These mineral/OM pores cannot be
classified as OM-hosted pores and are interpretechineral interparticle pores containing relics of
OM. The residual porous OM is dispersed in a finé @ompact mineral matrix, which appears in the

SEM images to be mainly composed of clay minera&estaggregates, quartz and calcite grains
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(Fig.11 Some interparticle macropores are locatetivéen quartz, calcite grains or clay-sheets
(Fig.11) while some intraparticle macropores amated inside pyrite framboids and calcite grains
(Figs.11C, D). Most of the clay mineral aggregateslocated near the OM (Fig.11A, B, D). In these
thermally-mature samples, only a few OM particles aon-porous or exhibit a low porosity
(Fig.11G). Some devolatilization cracks were albsavved in the OM (Fig.11B). Some of the large
macropores (orange arrows, Fig.11) and the miartfras observed in these samples are interpreted
as artefacts due to sample preparation.

KCF mudstones show a relatively heterogeneous Gitfilolition. In these immature samples,
OM is composed of several terrestrial and marinearas dispersed in a fine mineral matrix (Figs. 9
and 10). In SEM images, this mineral matrix appdarbe composed of clay mineral aggregates,
quartz, calcite-grains, pyrite framboids (Fig.12)dasome microfossil remains (Fig.12 A, D, F).
Terrestrial macerals, mainly represented by inietifi-ig.9), form a large proportion of the struetd
OM (~15%, Fig.13). Phytoclasts, observed in palgn@s include some cuticular fragments, woody
fragments and various debris of plant tissues 1Bide—J). The predominant marine amorphous OM
(AOM) (~75%) is supplemented by a minor contribatiof structured organic components derived
from preserved phytoplanktonic organic-walled atghlaspores (~10%, Fig.13, Fig.10 K, L). This
structured marine OM is present as brightly fluoess thin bodies identified aBasmanitespores
(Fig.9). Three distinct types of AOM were identificbrown, orange and black AOM (Fig.10 A-D).
Black AOM is the least abundant amorphous fracteh0%, Fig.13). Brown AOM, identified as
alginite in polished sections, is present as biygttiorescent thin elongated bodies (yellow-cotbre
under UV excitation, Fig.9). Orange AOM is gengrabsociated with pyrite framboids (Fig.10A). In
polished sections, these macerals are observabikickselongated bodies oriented parallel to the
bedding with a low brown/orange fluorescence (Figfbundant in high-TOC samples (Fig.9B, C),
these organic particles, so called ‘bituminite’ gket al., 2017), were previously described in tigFK
(Boussafir et al., 1995b; Boussafir and Lallier-yfes, 1997).

The abundance of these particles exhibits sigmfigariations with TOC. In samples with TOC
values < 6 wt.% the OM is rather composed of sphieggments of inertinite with some alginites and

rare Tasmanitealgal bodies (Fig.9A). Samples with very high T@&lues (> 6 wt.%) show an
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increase in abundance of the fluorescent elongatgenic particles including both alginites and
bituminites (Fig.9B, C). After normalization withOIC, palynofacies observations show that orange
AOM and pyrite contents dramatically increase WithC and HI values (Fig.13; Tab.1) while brown
and black AOM contents remain relatively stableg(E3). In SEM images, the OM is composed of
elongated lamellar masses of kerogen particles(EjgThis OM constitutes a homogenous gel with
well-defined boundaries cementing mineral graitey eineral sheets and pyrite framboids (Fig.12).
Some horizontal fractures (Fr, Fig.12), shrinkadé pores (Fig.12A) and rare OM-hosted mesopores
with irregular shapes are visible (orange arrow, Rig.12). Such fractures and some of the OM-
hosted pores are interpreted as artefacts duartplegreparation after retrieval from subsurface an
thus may not be present in the subsurface (Chaletaak, 2012; Tian et al., 2015). The OM in these
low-mature samples is thus mainly non-porous. Mdshe macropores and mesopores are <4 pym in
diameter and seem located between clay sheetdgingicrofossil remains or between calcite, and
quartz grains (Fig.12A, C, D). Some intrapartiobegs are observed inside pyrite framboids (Fig.12B,
E).

The relationships between TOC, quartz and clay ralneontents are shown in Fig.14. Clay
mineral content exhibits no clear relationship withC contents in either of the formations (Fig.14).
A negative linear correlation between TOC and quadntents is observed in the VMF (R2=0.70,
Fig.14). A weaker negative linear correlation exist the KCF between quartz and TOC (R?=0.57,
Fig.14). The relationships between organic cadmrtents and the specific surface area are shown in
Fig.15. VMF and KCF samples do not plot in the maper equivalent model trend such as Peru
margin and Black-Sea sediments (Fig.15, HedgeKaild1995). This model represents the quantity
of organic carbon that can be contributed by orgaag interactions as a function of the specific
surface area. VMF and KCF sediments thus contagjarac carbon that cannot have been contributed
solely by organo-clay interactions. Compared wighuPmargin and Black-Sea sediments, our results
suggest that other additional mechanisms have atlatve OM to be well-preserved in the KCF and
VMF formations (Hedges and Keil, 1995).

3.4. Porosity and pore size distribution
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Data obtained from mercury intrusion porosimetry IRM are listed in Tab.3. MIP
measurements revealed a connected total porosityngfrom 15.69 to 23.40% in the KCF and from
16.69 to 28.68% in the KCF (Tab.3). Cumulativeuston as a function of TOC and PSD are shown
in Fig.16 and Fig.17. A significant number of poege located in the 50—1000 pum pore size range for
the KCF sample and in the 100-1000 um for the VMmm@es (Fig.16 A, C). Nevertheless, these
large macropores which largely contribute to th&altgorosity were never seen in SEM and
petrographic observations. The largest pores imdge@EM are about 6 um in diameter in both
formations. The presence of pores > 6 um is cormsid@s conformance errors due to surface
roughness, cracks and filling of the container ¢5i@009; Klaver et al., 2012). In order to provide
more realistic MIP data, mercury intrusion curvesrosity and pore volumes were thus corrected by
excluding pores greater than 6 pm in diameter gndubbtracting the first part of the intrusion data
from the total (Fig.16 A, C). Corrected porositydgmore volumes are listed in Tab.3 and corrected
PSD and cumulative intrusion curves are shown @ilFfi After corrections, the total porosity ranges
from 3.37 to 9.98% and the total pore volume rarfges 1.89 to 5.57 cMl00g for KCF samples
(Tab.3). For VMF samples, their total porositiesyvhetween 0.59 and 2.87% and the pore volume
ranges from 0.35 to 1.63 &h00g (Tab.3), suggesting a very low macro- andop@ssity (>6 nm).
The bulk and the skeletal density of all samplesraetese with increasing TOC likely due to the
difference in density between OM and minerals (FplkKCF and VMF samples are mainly composed
of mesopores less than 30 nm in diameter with atgrember of pores measuring less than 15 nm
(Fig.17). Only a few pores are in the 50 nm to 6pore-size range in both formations (Fig.17). These
macropores account for ~15.63% of the total pofterae in the KCF samples and for only ~ 7.71% in
the VMF samples (Tab.3), suggesting a less abundaatoporosity in the VMF samples than in the
KCF samples. The total pore volume and thus thegiyrof KCF and VMF mudstones decrease with
increasing TOC (Tab.3, Fig.16 B, D). KCF samplethwnore than 6 wt.% of TOC exhibit a lower
number of pores in the 8 to 30 nm pore size raagd,thus a lower porosity and total pore volume
(Tab.3, Fig.16B, Fig.17). Nevertheless, these A samples can contain a significant amount of
pores of less than 8 nm in diameter, such as Etwr Eb 40 (Fig.17). However, some of these small

pores may be due to the additional creation of Epa&ce during the crushing process at a high
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mercury pressure (up to 414 MPa) (Sigal, 2009; Gkynet al., 2011), and therefore these results must
be interpreted with caution. VMF samples which aamtmore than 6 wt.% of TOC exhibit a lower
porosity and total pore volume than samples witheloTOC contents due to a smaller number of
mesopores in the 8-30 nm pore size range (Tab.3).

Data obtained from low-pressure nitrogen adsorptimasurements are listed in Tab.4. The
pore size distributions (PSD) are shown in FigM®F exhibits total pore volumes varying from 1.97
to 4.57 cni¥g (Tab.4). In the KCF, total pore volumes rangmfr2.24 to 5.62 cifg (Tab.4). The two
models commonly used in the community for the t-ptethod, the Harkins-Jura and the Carbon
black models, provide comparable micropore surtaeas and pore volumes (Tab.4). Although the
Carbon black model is more specific for carbon-nichterials (Magee, 1995) and the Harkins-Jura
model for siliceous materials (De Boer et al., )966e two models give similar results for these
marine mudstones. This result suggests that theskelgrare both useful t-plot models to evaluate
micropore volume in marine mudstones and that ttesiults can be easily compared. KCF samples
exhibit low micropore volumes (< 0.50 &100g, Tab.4) and low specific surface areas (<n§/g,
Tab.4). In these low-mature samples, microporeswatcor less than 15.2% of the total pore volume
(Tab.4). VMF mudstones exhibit higher microporewnes (0.50-1.10 cit100g, Tab.4) and higher
micropore specific surface areas (7.5-21%gniTab.4), suggesting a higher microporosity.Hase
thermally-mature rocks, micropores account fort8.81.1% of the total pore volume (Tab.4). Despite
this slightly higher microporosity in the VMF, tbtpore volumes of KCF and VMF are mainly
provided by mesopores. Cumulative pore volumes ghaivthe total pore volume is mainly provided
by pores > 10 nm in diameter in both formationgg(E D, E, F). PSD defined by low-pressure
nitrogen adsorption analyses revealed that abundinopores less than 8 nm are present in KCF and
VMF samples (Fig.18 A, B, C), but have a low cdnition to the total pore volume (Fig. 18 D, E, F).
VMF samples show slightly higher specific surfaceaa than KCF samples (~21.0 m2/g in the VMF,
~17.0 m3/g in the KCF, Tab.4).

Total pore volumes and specific surface areas df lk6d VMF exhibit significant variations
with TOC, but different trends are observed in tive formations (Fig.18, Fig.19 A, B, E, F). OM

content exerts thus a strong control on porositickvdepends on the thermal maturity of these marine
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mudstones (Fig.19). In KCF samples, the specifitase area, the total pore volume (Fig.19 A, B)
and the content of small mesopores and microperé&® fim) decrease simultaneously with increasing
TOC (Fig.17, Fig.18 B, C). Similar trends are obedrfor the cumulated pore volumes in the 10-100
nm pore size range (Fig.18 E, F), suggesting tlceedse in the number of pores > 10 nm in diameter
with increasing TOC. KCF samples can be divided imio groups according to the texture of clay
minerals in SEM observations (Fig.19C, 1, J). Irwéo clay samples, identified as group 1,
phyllosilicate aggregateappear mainly isolated, dispersed in the minerdtirnaith a more random
orientation and accompanied by heterogeneous difbugano-mineral aggregates (Fig.19C, D, J). In
clay rich-samples, identified as group 2, the pigjlicate aggregates are parallel to each otherg mo
compact, with some interlayer pores (Fig.19C, D/Jd)this group, the OM is mainly composed of
laminar pure OM without or with fewer insertions days. For both groups, the total pore volume
strongly increases with quartz, carbonate and ealbiintents. In spite of the lower clay mineral
contents of VMF samples, their specific surfaceanereases with increasing TOC content (Fig.19F).
However, the evolution of pore volume as a functmnTOC appears more complex since no
relationship can be discerned between differeptiaé volumes and TOC contents (Fig.18 A, D). The
total pore volume (Fig.19 E) and the cumulated peskime (Figl8A) first increase with TOC
contents but a lack of correlation is observed atf® wt.%. That trend appears to be associatéd wit
the presence of smaller pores in organic-rich norgst as evidenced by the decrease in the mesopore
volume and the increase in the micropore volumevatim5 wt.% of TOC (Fig.19E) and the high
content of mesopores less than 2 nm in diametezriynhigh-TOC samples (Fig.18A). In contrast with
low-mature samples, the total pore volume of VMEk=exhibits no correlation with clay, quartz,
feldspar and carbonate contents (Fig.19 G, H). iDespnilar pore volumes and PSD, VMF and KCF
mudstones exhibit therefore different pore charésttes.
4. Discussion
4.1. Organic petrography, porosity and pore sig&itution

Petrographic and Rock Eval analysis show that K&@fpes consist of low-mature organic-
rich argillaceous mudstones with a high potential dil generation (H¥500 mg HC/g TOC, Tab.1,

Figs.5, 6) while VMF samples consist of gas-matsiteeeous mudstones mainly composed of a
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residual OM with a low residual petroleum poten{fRC/TOC > 0.90, low HI values, Tab.1, Figs.5,
6). This substantiates the %Ro of ~1.65% determiyedegarreta and Villar (2011) in the VMF and
the %Ro of ~0.50% obtained by Ramanampisoa andabi€l®94) in KCF mudstones. In KCF
samples, the OM components identified in petrogaphservations can be grouped into three classes
according to their origin: (1) the brown AOM (alganmacerals) (Figs. 9, 10) which are derived from
the selective preservation of resistant cell-waflgreen microalgae and bacterial biomacromolecules
(Largeau et al., 1984); (2) terrestrial particlasliding spores, woody and cuticular fragments and
black AOM (Figs.9, 10) derived from bacterial maoalecules mixed with altered lignaceous debris
(Boussafir and Lallier-Vergés, 1997); (3) the oma#gOM interpreted as bituminite macerals (Figs.9,
10, Boussafir et al., 1995b; Boussafir and LaNerges, 1997).

Previous studies suggest that these macerals haye Hydrocarbon potentials and
nanoscopically amorphous and homogeneous ultradtngctures in TEM observations, and are
derived from phytoplanktonic lipidic remains pres=t by natural vulcanization (Ramanampisoa and
Disnar, 1994; Boussafir et al., 1995b; Boussafi &allier-Verges, 1997). In the KCF, periods of
high productivity allow the metabolizable OM to enthe anoxic zone, favoring the development of
sulphate-reducing organisms and thus the produdti¢fS (Lallier-Verges et al., 1995; Boussafir et
al., 1995a; Boussafir and Lallier-Verges, 1997).sMof this HS diffuses from the sea sediments,
while a part reacts with the reactive metals presesediments to form sulphides (commonly pyrite)
(Boussafir et al., 1995a; Boussafir and Lallierég, 1997). The excess ok3Fis then in part
incorporated as organosulfur compounds in the noditatible OM by natural vulcanization to form
bioresistant amorphous OM known as orange AOM (Baiiis and Lallier-Verges 1997). These
processes of natural sulfurization have allowedpteservation of a large amount of metabolizable
OM explaining why KCF mudstones are not close #orttonolayer equivalent field in the TOC versus
specific surface area diagram (Fig.15). Furthermthiie also explains the strong association ofedhes
hydrogen-rich amorphous OM with pyrite (Figs.9, 18) and the relative increase of the OM quality
in terms of oil-proneness with increasing TOC (Talig.13). In SEM images, such OM exhibits a
homogenous and gelified texture with well-definembihdaries and manifests a very low primary

porosity (Fig.12). In the high-TOC samplesg.4 wt.%, Tab.1), the amorphous OM represents more
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than 85% of TOC based on observations with SEM.{B)g These amorphous and homogeneous
particles have lost their inherited biological sttwe due to reorganizations during preservation
processes (Boussafir and Lallier-Vergés, 1997; Bafiiset al., 1995a and b), probably explaining
their low primary porosity. Furthermore, the ingean the pore volume, the porosity and the specifi
surface area with decreasing TOC (Fig.16B, Fig.E/Big.18B-F) suggests that the porosity of these
low-mature mudstones is not provided by these @viehosted pores. On the contrary, the gel formed
by this amorphous OM appears to fill the intergdetimineral porosity, reducing the pore volume
(Fig.12, Fig.19A, B). Most of the porosity in thelev-mature rocks is thus composed of mineral-
associated pores which are not filled by OM (Fig. Ihe strong increase in the pore volume with
quartz, calcite and albite contents (Fig.19D) iaths that the pores located between mineral grains
(Fig.12) largely contribute to the total porosityevertheless, the behavior of the pore volume as a
function of quartz, calcite and albite contentsnsedo be influenced by the texture of the clay
minerals (Fig.19C, D, I, J). The slightly higheaglmineral contents of group 2 (Fig.19C) seem to
have favored the presence of thick phyllosilicaggragates, parallel to each other, more compact,
with some interlayer pores (Fig.19l). In samplethwelatively low clay mineral contents (group 1),
clay minerals, mainly isolated, dispersed in th@eral matrix with a more random orientation and
with the presence of heterogeneous diffuse organewal aggregates appear to be less favorable to
the presence of interlayer-pores between them1®dy. This observation suggests that clay mineral
texture can influence the porosity of low-maturerim& mudstones. However, the origin of this
difference of texture and the link with clay minlecantents is unclear and further investigatiores ar

required.

VMF samples exhibit very different features. The@mtion of hydrocarbons with increasing
maturity has led to the formation of a residual @Mntified as secondary solid bitumen (Fig.8). This
carbon-rich residue (often called pyrobitumen) wesbably formed during the secondary cracking of
liquid oil into gas (Tissot and Welte, 1984; Lewd®93; Behar et al., 1997; Bernard et al., 2012;
Reed et al., 2014). The large predominance of pynwien was previously noted in most thermally

mature mudstones (Bernard et al., 2012; Hackley @Gaudiott, 2016; Hackley, 2017). In SEM and
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petrographic observations, this “grainy” OM exisba highly-developed and interconnected OM-
hosted porosity compared to the KCF immature oméagel” (Figs.11, 12). These nanometer-size
OM-hosted pores exhibit variable shapes (Fig.11hil&Vmost of them are subangular spongy OM
pores, abundant oval pores (bubble-like) are \asibblsome OM particles (Fig.11). Similar pores have
been commonly described in thermally-mature mudsteservoirs (Loucks et al., 2012; Curtis et al.,
2012; Bernard et al., 2012; Hackley and Cardott62Ho et al., 2016, 2017). These oval and
subangular spongy pores are often considered fiorived in secondary solid bitumen/or pyrobitumen
during gas generation and expulsion from the enthefoil window to the dry gas zone (Bernard et
al., 2012; Ko et al., 2016). Not all the OM in MMF is porous: some sparse and rare OM patrticles,
probably kerogen (inertinite) are non-porous orileikha very low porosity (Fig.12G). Similar
observations were made in thermally mature KCF, t¥@a and Marcellus mudstones (Fishman et
al., 2012; Curtis et al., 2012; Hackley and Card®16), suggesting that residual kerogen evolves
differently from pyrobitumen with increasing matyriContrary to the KCF, the strong increase in the
specific surface area with TOC (Fig.19F) demonegfdhat the porosity of gas-mature mudstones is
mainly provided by these OM-hosted pores. On thraoy, the absence of correlation between TOC
and mineral contents (Fig.19G, H) suggests thairiieeparticle pores identified between clay sheets
calcite and quartz grains (Fig.8) do not signifibanontribute to the pore volume.

OM from the thermally mature VMF rocks is dominatgdsecondary solid bitumen (Figs.8,
12). Due to the high maturity of these sampless fiiecursor OM is unidentifiable but previous
studies have shown the presence of a KCF-like tly@M (Uliana et al., 1999; Legarreta and Villar,
2011, 2015). OM of low-mature VMF mudstones is matomposed of hydrogen-rich type 1l OM
derived from the early diagenesis of phytoplanktomd algal bacterial contributions (orange and
brown AOM observed in KCF) with variable amountsatginite and terrestrial relics (Uliana et al.,
1999; Legarreta and Villar, 2011, 2015). Highlypibne amorphous OM content increases with TOC
content (3 to 12 wt.%, Legarreta and Villar, 202015), leading to fluctuations of Hk (650 mg
HC/g TOC, Legarreta and Villar, 2011, 2015) and(©B0-40 mg C@g TOC, Legarreta and Villar,
2011, 2015) as a function of TOC as observed in K€istones (Tab.1). Therefore, in the present

study VMF and KCF mudstones exhibit: (1) similaghipyrite contents which attests to natural
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sulfurization processes (Tab.2); (2) a similar abseof correlation between clay and TOC contents
(Fig.14); (3) similar high TOC contents comparedheir specific surface areas (Fig.15, Hedges and
Keil, 1995) showing the low contribution of orgadlay interactions regardless of vulcanization
(orange AOM) and selective preservation procedsesvh AOM). These formations thus contain two
different stages of maturity of the similar preasrsrganic material which may allow comparison of

their OM-hosted porosity as a function of maturity.

Previous work has demonstrated that clay minerahsact as catalysts in the acid-catalyzed
cracking of kerogen into hydrocarbons during thérmaturation (Tannenbaum and Kaplan, 1985;
Pan et al., 2009). Differences in clay mineral eatd appear to mainly influence the kinetics of
hydrocarbon generation during the low stage of nasitn (Tannenbaum and Kaplan, 1985). We can
assume that variations in clay mineral content heayl to a different evolution of OM porosity in
some formations during the oil generation stage. datalytic influence of clays is, however, minor i
higher maturation stage such as the gas windowdorVMF samples (Tannenbaum and Kaplan,
1985). However, if we admit some catalytic effactthis higher maturation stage, and despite the
lower clay mineral content of the Vaca Muerta sasfTab.2, Fig.5), most of the OM is integrated
with or closely associated to clay mineral aggregdfig.11A, B and D) as for the KCF. We can
therefore assume that the catalytic effect of aléght be similar in the KCF and VMF formations and
that the difference in mineralogy between thesen&tions probably had a limited impact on OM
porosity in these gas-mature samples.

4.2. Thermal maturity involvement in OM-hosted pgemesis

With a pore volume ranging between 2.0 and 5.8100g (Tab. 4), KCF and VMF samples
exhibit a good storage capacity. The hydrous pgislgxperiments of Chen and Xiao (2014) suggest
that porosity and pore volumes increase with irgirga maturity and thus thermally-mature
mudstones will exhibit a higher porosity than lowtore rocks. Surprisingly, pore volumes
determined from nitrogen adsorption show similentts for both formations despite their difference
in maturity (Tab.4). This observation suggests thatrelationship between thermal maturity andl tota

pore volume is not straightforward.
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The porosity of both formations appears to be mpamksoporous. The few number of
mesopores in the 7-100 nm pore size range accoutiid most part of the pore volume (Fig.18). KCF
and VMF samples contain, however, abundant messgoré micropores less than 8 nm in diameter
which have a low contribution to the total poreurok (Figs.17, 18). The presence of these very small
mesopores (< 8 nm) and micropores has been prdyinated in many gas shale systems (Chalmers
and Bustin, 2008; Chalmers et al., 2012; Tian e8i15). The contribution of micropores to thelot
pore volume determined from nitrogen adsorptiorhigher in thermally-mature VMF mudstones
(~21.0%) than in the KCF (~4.9 - 8.7%, Tab.4). Miieasurements reveal that the macropores
observed in SEM images do not greatly contributéh# porosity of KCF (10.6-22.8%, Tab.3) and
VMF mudstones (Figs.11, 12 and 17). This may erglaé¢ low porosity and the low pore volumes of
VMF samples measured using MIP (Tab.3): the maith @lathe porosity of these thermally-mature
mudstones is below the detection limit of MIP meaments. This was especially true for VMF
samples in which macropores account for less tRanof the total pore volume obtained by MIP
(Tab.4). Moreover, VMF samples show slightly higlsgecific surface areas (Tab.4). This result is
quite surprising in view of the mineralogical corsjiimns of these two series. Contrary to the
observations, the higher content of clay minenal&CF samples (Fig.5) is expected to give them a
greater specific surface area. This differencdkislyl related to the greater microporosity of VMF
samples. This suggests a greater contributiondrKtbF of the macropores observed between mineral
grains and clay mineral aggregates in SEM imagés1®. The higher thermal maturity and the
greater depth of gas-mature samples have probHblyeal a greater mineral matrix compaction than
in low-mature KCF mudstones, thus probably redudimg number of macropores. Moreover, the
presence of some mineral/OM pores and abundait lsiblimen (Figs.8, 11) suggests that the original
mineral pores were partially filled during petralewgeneration. Located between mineral grains
(Fig.11F), these ‘modified mineral pores’ are cdeséd as original mineral pores, filled first by
petroleum which was later extracted leaving bemagidual solid bitumen and smaller pores (Ko et
al., 2016, 2017). It can therefore be assumedtkigfprocess has also contributed to the progressiv

decrease in the number of primary macropores imtaky-mature samples.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

22

The more fully developed spongy OM-hosted poregaisrmature rocks suggests that they are
essentially controlled by thermal maturation. Thisservation substantiates the common model of
organic-hosted pore genesis which holds that thesjiy increases during maturation in response to
the volume lost during expulsion of the liquid agaseous hydrocarbons produced by the thermal
primary and secondary cracking of the OM (Jarvialet2007; Chalmers and Bustin, 2008; Loucks et
al., 2012; Curtis et al., 2012). Recent studiesastimt these OM-hosted pores first formed in solid
bitumen since the oil window (Juliao et al., 20K®; et al., 2016; Hackley and Cardott 2016) may
further developed progressively to the dry gas zmebecome predominant in gas-mature mudstones
such as the VMF samples (Jarvie et al., 2007; Gialrand Bustin, 2008; Loucks et al., 2012; Curtis
et al., 2012; Chen and Xiao, 2014; Hackley, 2013 eKal., 2018). Nevertheless, while OM appears to
be the major contributor to the total pore volumé¢hese thermally-mature mudstones, the total pore
volume does not increase linearly with TOC (Fig.L9Ehis suggests that other factors than maturity
are working.

While the OM-hosted porosity increases stronglyhviitermal maturity (Curtis et al., 2012;
Loucks et al., 2012; Chen and Xiao, 2014; Ko et24l17; Hackley, 2017), this gain in volume may be
counteracted by the decrease in the interpartioleesp by compaction and diagenetic processes
(Charpentier et al., 2003; Day-Stirrat et al., 2008liken et al., 2013). The combination of these
processes may not lead to a systematic variatiadhantotal pore volume as a function of thermal
maturity (Tab.3). Consequently, TOC may sometinagela stronger control on these parameters than

thermal maturity as previously observed in othedists (Milliken et al., 2013; Pan et al., 2015).
4.3. Secondary OM-hosted pores vs primary orgaoiogity

In contrast with SEM observations in low-mature K@kidstones which reveal a very low
primary OM-hosted porosity, the presence of veryope OM in immature to low-mature samples
(Ro: 0.35-0.50%) has been previously noted in theotlford shale, in the Monterey or in Stuart
Range formations (Lohr et al., 2015). This suggésé some specific OM may contain abundant
primary OM-hosted pores inherited from their biobad structure. Similar observations were recently

made in the Eagle Ford, the Wilcox group and thettsmck shales (Reed, 2017). Reed (2017)
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suggested that this primary OM porosity is clogédg to the presence of terrestrial organic matter,
probably inherited from the original structuresceflulose and woody fragments. The low content of
these terrestrial organic materials in KCF samfless than 15% of the TOC, Fig.13) and the small
area covered by SEM images probably may not alleevdbservation of these porous OM in the

present study. Furthermore, even if we assumeniiatobserved primary OM-hosted pores exist in
low-mature KCF mudstones, these pores do not signifly contribute to the total pore volume, as

shown by the decrease in porosity, the total polame and the specific surface area with increasing

TOC (Fig.16B, Fig.19A).

While the difference in OM-hosted porosity betwéew-mature KCF and thermally-mature
VMF mudstones is clearly illustrated in the pressmdy, Fishman et al. (2012) demonstrated that in
the offshore KCF mudstones, the size and abundainites primary porosity varies with the maceral
composition but is largely similar regardless oftumisy variation between 0.5-1.3%Ro. Similar
observations were also noted in the Woodford slralghe Monterey or the Stuart Ranges formations
(Lohr et al., 2015). A hypothesis can be proposeéxplain this difference with gas-mature rocks
from the VMF. As suggested by Fishman et al. (2018% plastic nature of the clay-rich KCF
mudstones (Tab.2, Fig.5) could allow a greater @wtipn of pores developed during hydrocarbon
generation. The secondary OM porosity in KCF muassomay thus have not been preserved like the
VMF mudstones which exhibit a higher content ofdigiinerals (quartz and feldspar, Tab.1, Fig.3)
and allow a better preservation of pores duringpaction (Day-Stirrat et al., 2008; Schieber, 2010).
Nevertheless, further investigations are neededirtderstand the connections which may exist
between mineral compositions, compaction and sesgrdM-hosted pores.
4.4. TOC and OM composition controls on pore genesi

Although thermal maturation appears to have sigaifi effect on OM-hosted genesis, this
process alone is insufficient to explain the deseda the pore size with increasing TOC in theryaall
VMF mature samples with TOC values greater thanv.80 (Fig.19E). Similar trends were also
previously observed in Marcellus mudstones (Miltilet al., 2013) and the Permian mudstones of the

Lower Yangtze region (Pan et al., 2015). This oleéwn may explain the lower pore volumes and
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MIP porosity of the two very high-TOC samples (W6 and 9.1 wt.%, Fig.16D). Contrary to the
lower-TOC samples (< 5.5 wt.%) which contain largeres, the main part of the porosity of these
high-TOC samples (> 5.5 wt.%) is below the detectimit of MIP. These samples contain a higher
proportion of mesopores and macropores below tHe déitection limit (Tab.3). The difference in the
OM composition between high- and low-TOC samplesic@xplain these pore-size variations as a
function of TOC. In KCF mudstones, the increas®minge AOM content is responsible for higher
values of HI and petroleum potential,Y&nd corresponds to periods of anoxia favorablpeatoiral
sulfurization processes (Boussafir et al., 199%&gse periods are marked by slightly lower quartz
content (Fig.14). By comparison, low-TOC samplesrespond to periods marked by a greater
proportion of quartz and terrestrial OM inputs @I, 14), responsible for the decrease in the OM
quality with respect to oil generation and in th@d content (Fig.7 A, B). Similar variations were
previously documented in low-mature VMF mudstonesgérreta and Uliana, 1991; Uliana et al.,
1999; Legarreta and Villar, 2011, 2015). Similaria@gons in the original OM composition as a
function of TOC can thus be expected in VMF mudesoand three explanations can be suggested: (1)
As previously mentioned (Milliken et al., 2013; Painal., 2015), the smallest OM-pores of organic
rich samples may represent a more complete poweorietcollapse after petroleum migration caused
by a higher hydrocarbon production (or higher detnm potential); (2) Alternatively, higher TOC
samples from the VMF probably contained a greabetent of well-preserved highly oil-prone OM
which are less prone to the production of lamgesitu OM mesopores during maturation. Well-
preserved and more hydrogen-rich type Il macerag.,( high HI values) produce liquid
hydrocarbons, richer in light constituents, tha easy to migrate outward while more degraded and
less oil-prone (e.g., low HI values) type Il madenaroduce heavier and more viscous oils (richer in
asphaltenes, Tissot and Welte, 1984). During tleers#ary cracking of these viscous oils, abundant
secondary solid bitumens and essentially gaseousatdQoroduced, which may result in a greater
amount of mesoporosity. This may explain why TOQ grore volume are not systematically
positively correlated. Moreover, some macerals agimertinite (Fig.11G) do not appear to develop
pores with increasing maturity. This may explaia thariations in porosity observed between nearby

organic regions of the same sample in Woodford nands (Curtis et al., 2012). Changes in the
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relative proportion of these non-porous maceraly thas explain some variations between these
samples. The importance of maceral types has beeviopsly emphasized to explain porosity
variations (Fishman et al., 2012; Loucks et al12Milliken et al., 2013; Cardott et al., 2015; i€b

al., 2017, 2018); (3) A close link seems to exmstween the production of gas and OM-hosted pore
genesis from the oil window to the dry gas zoneriBed et al., 2012; Milliken et al., 2013). Spongy
pores in thermally-mature samples seem form from ribcleation and the expulsion of gaseous
hydrocarbons produced by the thermal cracking of @Walmers and Bustin, 2008; Loucks et al.,
2012; Curtis et al., 2012; Bernard et al., 2012llikén et al., 2013). Moreover, artificial maturari
experiments have shown that the quantity of gas, @@, CH, C,-Cs) generated during the thermal
diagenesis of OM can vary greatly between typé dr llll kerogen (Behar et al., 1992; Behar et al.,
1997). It may be appropriate to assume that sflgbtuations in the OM composition may have led to
the production of various quantity of gas duringrthal maturation resulting in variations of the
amount of spongy pores formed in residual OM betwssemples. This may explain in part why high-

and low-TOC samples in the VMF exhibit different@aizes.

In gas shale systems composed of a heterogeneouystivdifferent evolution of OM
porosity during maturation may mask the effecthafrinal maturity. That could explain why porosity
appears to be mainly controlled by TOC in some &iroms such as the Marcellus (Milliken et al.,
2013) or in the Lower Yangtze region (Pan et &@15) and suggests therefore that thermal maturity
and OM composition have a complementary effect]adimg the complexity and the diversity of

trends observed in natural gas shale systems.

5. Summary and conclusions
The pore structure and the geochemistry of roots fthe Kimmeridge Clay Formation and

the Vaca Muerta Formation were investigated anddi@wing conclusions are drawn.

- KCF rocks are low-mature marine mudstones mainhgpmsed of amorphous and less-porous
marine OM while VMF samples are gas-mature maringlstones mainly composed of

porous secondary solid bitumen.
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The OM composition of KCF samples manifests vaoiai High-TOC samples contain higher
lipidic phytoplanktonic fractions and thus have ighler petroleum potential than low-TOC
samples. Similar variations were observed in loviume&aVMF mudstones.

Pore size distributions show a predominance ofgsnealler than 30 nm and the pore volume
ranges between 2 and 5 ¥h00g regardless of the degree of maturity. Neetels, pore
networks in gas shale vary significantly with thafrmaturity. The porosity of low-mature
mudstones is dominated by inorganic interpartiaddeep while the main contributor to the
porosity of thermally mature rocks is the porousoselary solid bitumen. OM porosity, low in
the immature stage, appears to be formed in sotigmen and increases during thermal
diagenesis in response to hydrocarbon generate@mmnbing predominant in thermally mature
rocks.

Although the porosity of gas-mature mudstones isipaontrolled by OM, surprisingly no
linear correlation is observed between TOC andl fobse volume for samples with TOC
greater than 5.5 wt.%. This observation appeatsettied to the decrease of the number of
pores with increasing TOC. Differences in the cosijan of the precursor OM between
high- and low-TOC samples may explain these pare-gariations. This suggests that other
controlling factors such as OM composition canuafice OM-hosted pore genesis. Three
hypotheses can be put forward: (1) a stronger fwaoriecompaction of high-TOC samples in
response to volume lost during the expulsion ofreatgr amount of hydrocarbons (higher
petroleum potential); 2) The presence of well-presg and more hydrogen-riche type 1| OM
in high-TOC samples that is less favorable to thedpction of viscous oils and abundant
porous secondary solid bitumen and thus less fhle@ita the formation of large mesopores
(3) Variations in the quantity of gas generatedirduthermal maturation due to different
composition of the precursor OM between high- amd-TOC samples may have led to
variations in the quantity of pores formed in resildOM in response to gas nucleation and

expulsion.
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Figures and tables

[CSIN\N]

Tab.1. Main parameters from Rock Eval pyrolysis ¥@ca Muerta (VMF) and Kimmeridge Clay
4  samples (KCF). TOC: Total Organic Carbon (wt.%}. f82e hydrocarbons (mg HC/g of rock),: S
5 pyrolizable hydrocarbons (mg HC/ g of rock).I temperature of the,$eak (°C). HI: Hydrogen

6 Index (mg HC/g of TOC). Ol: Oxygen Index (mg €@of TOC). RC: Residual Carbon.

Sample . Depth TOC S1 (m S2 (mg HC Tmax HI (m Ol (mg CO,/!
ho - Formation-well = R 2 (rogk) /g(ro?:k) °C) HC/g(TgC) (T(%C) #9 remoce
Eb 3 KCF-Ebberston 69.11 8.3 0.9 52.7 425 636 18 0.47
Eb 4 KCF-Ebberston 69.14 7.1 0.2 37.2 428 528 17 0.57
Eb 8 KCF-Ebberston 69.48 6.4 0.7 39.6 429 616 20 0.49
Eb 11 KCF-Ebberston 69.9 4.2 0.3 24.6 428 586 21 0.51
Eb 19 KCF-Ebberston 69.98 10.6 0.4 61.5 428 580 15 0.52
Eb 28 KCF-Ebberston 70.01 3.2 0.1 7.9 434 249 20 0.78
Eb 30 KCF-Ebberston 70.03 5.4 0.1 18.9 432 353 18 0.71
Eb 32 KCF-Ebberston 70.05 6.6 0.2 30.5 429 462 17 0.62
Eb 34 KCF-Ebberston 70.12 12.6 0.5 80.4 425 638 18 0.48
Eb 38 KCF-Ebberston 70.25 13.4 0.9 81.3 423 607 17 0.50
Eb 40 KCF-Ebberston 70.28 15.9 0.9 97.7 424 613 19 0.49
Eb 48 KCF-Ebberston 70.65 6.0 0.1 27.3 428 456 18 0.62
Mean 8.3 0.4 46.6 427 527 18 0.56
KCF-Ebberston Min 3.2 0.1 7.9 423 249 15 0.47
Max 15.9 0.9 97.7 434 638 21 0.78
Blc 2 KCF-Marton 128.15 3.0 0.1 13.3 433 439 25 0.63
Blc4 KCF-Marton 128.25 3.2 0.1 13.8 431 428 27 0.62
Blc8 KCF-Marton 128.28 2.9 0.1 124 433 427 26 0.64
Blc 13 KCF-Marton 128.40 3.0 0.1 12.3 434 414 22 0.65
Blc 23 KCF-Marton 128.65 5.6 0.3 29.8 432 537 15 0.56
Blc 30 KCF-Marton 128.75 11.2 1.5 70.2 428 628 15 0.48
Blc31 KCF-Marton 128.78 6.9 0.5 42.2 432 615 18 0.49
Blc 43 KCF-Marton 129.10 2.2 0.1 6.7 433 307 31 0.74
Blc50 KCF-Marton 129.20 2.1 0.1 5.7 433 275 30 0.76
Mean 4.4 0.3 22.9 432 452 23 0.62
KCF-Marton Min 2 0 6 428 275 15 0.48
Max 11 1 70 434 628 31 0.76
93X VMF-well 2647 2.1 0.3 0.8 / 38 19 0.95
94B VMF-well 2668 5.0 1.2 2.2 / 43 5 0.94
95G VMF-well 2685 3.6 0.5 0.6 / 16 15 0.97
96Z VMF-well 2697 7.3 1.1 1.8 515* 25 5 0.96
97U VMF-well 2710 3.9 0.5 0.9 / 23 11 0.97
98M VMF-well 2720 55 0.7 1.4 / 25 6 0.97
99w VMF-well 2734 5.4 0.8 1.3 507* 24 7 0.96
100C VMFE-well 2747 3.2 0.3 0.8 / 26 9 0.97
101E VMFE-well 2764 4.3 0.3 1.7 / 39 6 0.96
102R VMF-well 2769 6.7 1.1 1.3 488* 19 4 0.97
103K VMFE-well 2789 9.1 1.2 1.6 500* 18 2 0.96
104P VME-well 2794 1.3 0.1 0.7 / 49 20 0.90
Mean 4.8 0.7 1.3 502 29 9 0.96
VMF-well Min 1.3 0.1 0.6 488 16 2 0.90
Max 9.1 1.2 2.2 515 49 20 0.97

7  [: unmeasurable Tmax due to a flat S2 peak. *: Twaues which appear to be correct despite a low

8 S2 peak. **RC/TOC: the closer this ratio is to ynihe greater the amount of residual carbon (RC) i
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Tab.2. Mineralogical composition obtained using ay-rdiffraction analysis (in weight %) for

Kimmeridge Clay (Ebberston, Marton boreholes) aagd/Muerta samples (VMF).

Sampl Depth  Quartz Carbonate (wt.%) Total Gypsum Albite Total clay Pyrite
eno. el m  (w%) o _carbonate ouion T vtog)  wtoe)  (wt.o)
Calcite Siderite  Dolomite (Wt.%)
Eb 4  Ebberston 69.14 15.9 8.5 0 0 8.5 2.0 25 57.6 6.4
Eb 19 Ebberston 69.98 8.7 17.6 0 0 17.6 0.8 3.0 53.6 5.7
Eb 28 Ebberston 70.01 19.8 22.4 0 0 224 0 6.1 46.6 2.0
Eb 40 Ebberston 70.28 7.8 13.8 0 0 13.8 14 15 54.6 5.0
Eb 48 Ebberston 70.65 15.8 19.5 0 0 19.5 1.0 1.9 54.8 1.0
Min 7.8 8.5 0 0 8.5 0 15 46.6 1.0
Max 19.8 224 0 0 22.4 2.0 6.1 57.6 6.4
Mean 13.6 16.4 0 0 16.4 1.0 3.0 53.4 4.02
Blc 2 Marton 128.15 19.7 16.3 4.6 0 20.9 11 2.6 552. 0.2
Blc 13  Marton 128.40 21.5 19.7 4.4 0 24.1 1.7 0 49.0 0.7
Blc30  Marton 128.75 14.3 15.0 0 0 15.0 0.8 6.2 46.0 6.4
Blc31  Marton 128.78 14.3 17.0 1.0 0 18.0 0.6 2.7 54.1 35
Blc50 Marton 129.20 12.4 6.5 13.7 0 20.2 11 3.8 59.1 1.3
Min 12.4 6.5 0 0 15.0 0.8 0 46.0 0.2
Max 215 19.7 13.7 0 24.1 1.7 6.2 59.1 6.4
Mean 16.4 14.9 4.7 0 19.6 11 3.1 52.1 2.42
94B VMF 2668 315 10.0 0.3 0.5 10.8 0 211 30.0 1.6
967 VMF 2697 15.6 28.8 0.2 0 29.0 0 23.6 22.2 2.4
98M VMF 2720 33.7 14.2 0.1 0 14.3 0 22.8 22.1 1.6
100C VMF 2747 39.1 8.1 0 0 8.1 0 26.4 21.7 15
102R VMF 2769 27.7 12.8 0.2 0 13.0 0 27.9 23.3 1.4
103K VMF 2789 22.1 6.5 0.1 0 6.6 0 24.6 36.1 1.6
Min 15.6 6.5 0 0 6.6 0 21.1 21.7 14
Max 39.1 28.8 0.3 0.5 29.0 0 27.9 36.1 2.4
Mean 28.3 13.4 0.1 0.1 13.6 0 24.4 25.9 1.7
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Tab.3. Porosity measurements obtained from mencurysion porosimetry including raw data and
corrected data from surface roughness for Vaca tdu@fMF) and Kimmeridge Clay mudstones
(Marton, Ebberston boreholes). Contribution of nogores corresponds to the contribution to the total

pore volume of macropores ranging between 50 npm & diameter. PV: pore volume. TP: Total

porosity.
Raw data Corrected data
Sample PV TP skele_tal bUIk. PV TP Cumulated PV Contribution of
no. Well (cm¥100g) (%) ?gelgfrg))/ t(]lge}rgil%/ (cm¥100g) (%) (3;]5’/288; ) macropores (%)
Eb4  Ebberston 9.93 19.58 2.45 1.97 3.06 6.04 0.55 17.99
Eb 19 Ebberston 10.51 18.60 2.17 1.77 3.10 5.48 0.40 12.97
Eb 28 Ebberston 10.10 19.76 2.44 1.96 5.06 9.91 0.64 12.59
Eb 40 Ebberston 12.16 19.01 2.06 1.56 3.00 4.70 0.52 17.24
Eb 48 Ebberston 13.05 23.40 2.34 1.79 5.57 9.98 0.97 17.37
Mean 11.15 20.07 2.29 1.81 3.96 7.22 0.61 15.63
Blc 2 Marton 9.72 19.49 2.49 2.01 2.61 5.23 0.28 10.80
Blc 13 Marton 8.35 16.91 2.44 2.02 2.39 4.85 0.27 11.12
Blc 30 Marton 10.59 18.84 2.19 1.78 1.89 3.37 0.43 22.84
Blc 31 Marton 8.33 15.69 2.24 1.88 2.14 4.03 0.49 22.75
Blc 50 Marton 10.13 20.13 2.49 1.99 3.07 6.09 0.33 10.63
Mean 9.42 1821 2.37 1.94 2.42 4.71 0.36 15.63
93X VMF 16.31 28.68 2.47 1.76 1.63 2.87 0.15 8.91
962 VMF 16.59 28.49 2.40 1.72 0.36 0.61 0.03 8.26
98M VMF 15.96 28.10 2.45 1.76 1.31 2.29 0.09 6.69
103K VMF 9.76 16.69 2.33 1.70 0.35 0.59 0.02 7.00

Mean 14.65 2549 241 1.73 0.91 1.59 0.07 7.71
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Tab.4. Porosity measurements obtained by nitrogisoration analysis including BET specific surfaceas (8er) and total pore volumes () for Vaca

Muerta (VMF) and Kimmeridge Clay samples (MartobpErston boreholes). Comparison of the two modetguently used in the community for the T-plot

methods: the universal t-curve based on the Hatking model and the Carbon-black model specificckobon-rich materials. Mo. micropore volume.
Smicro- Micropore specific surface areaxSexternal specific surface arean( =Sger- Sext). Vmicro contribution (%) is the contribution dig micropore

volume to the total pore volume (%).

T-plot methods

Harkins-Jura model Carbon black model

Vmicro

SBET onl Snicro Sext Vmicro Vext Smicro Sext Vmicro Vext contribution
Sample no.  Well TOC (%) (m?g)  (cm*100g) (m?g) (m?g) (cm*100g) (cm*100g) (m?g) (m?g) (cm*100g) (cm*/100g) (%)
93X VMF 2.1 13.52 2.24 9.72 3.80 0.50 1.74 1029  3.23 0.50 1.74 22.4
100C VMF 3.2 17.54 2.76 15.99 1.54 0.80 1.96 16.06  1.48 0.80 1.96 29.0
94B VMF 5.0 22.64 3.51 11.46  11.18 0.60 2.91 9.18  13.46 0.40 3.11 11.4
98M VMF 5.5 21.07 3.57 7.39 13.68 0.30 3.27 7.48  13.59 0.30 3.27 8.4
102R VMF 6.7 23.36 3.54 16.03 7.33 0.80 2.74 1543  7.93 0.80 2.74 22.6
967 VMF 7.3 19.37 2.68 12.52 6.84 0.60 2.08 12.16  7.20 0.60 2.08 224
103K VMF 9.1 29.92 3.54 23.43 6.49 1.10 2.44 21.01 892 1.10 2.44 31.1
Mean 5.6 21.1 3.1 13.8 7.3 0.7 2.4 13.1 8.0 0.6 25 21.0
Eb4  Ebberston 7.1 15.53 4.42 4.85 10.68 0.10 4.32 479  10.75 0.10 4.32 2.3
Eb19  Ebberston 10.6 12.06 3.63 7.42 4.65 0.40 3.23 7.22 4.85 0.40 3.23 11.0
Eb28  Ebberston 3.2 33.96 5.41 9.28 24.68 0.50 4.91 9.86  24.09 0.50 4.91 9.2
Eb38  Ebberston 14.4 10.32 2.82 1.61 8.70 0.10 2.72 1.36 8.95 0.10 2.72 35
Eb40  Ebberston 15.9 9.59 3.17 1.29 8.30 0.10 3.07 1.12 8.47 0.10 3.07 3.2
Eb 48  Ebberston 6.0 20.01 5.62 0.73 19.28 0.00 5.62 057 19.44 0.00 5.62 0.0
Mean 9.5 16.9 4.2 4.2 12.7 0.2 4.0 4.2 12.8 0.2 4.0 4.9
Blc 2 Marton 3.0 19.93 3.63 6.97 12.96 0.40 3.23 7.75  12.18 0.40 3.23 11.0
Blc 13 Marton 3.0 22.29 4.33 1.74 20.55 0.10 4.23 1.80 2050 0.10 4.23 2.3
Blc 23 Marton 5.6 17.53 3.73 2.26 15.27 0.10 3.63 1.60  15.92 0.10 3.63 2.7
Blc 30 Marton 11.2 5.80 1.97 5.00 0.80 0.30 1.67 5.01 0.78 0.30 1.67 15.2
Blc 31 Marton 6.9 8.87 3.01 5.72 3.14 0.30 2.71 5.66 3.21 0.30 2.71 10.0
Blc 50 Marton 2.1 28.56 4.57 7.38 21.18 0.40 4.17 9.25 19.31 0.50 4.07 10.9
Mean 5.3 17.2 35 4.8 12.3 0.3 3.3 5.2 12.0 0.3 3.3 8.7
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Fig.8. Incident white light photomicrographs (ammersion) of thermally-mature (~1.65%) organic-
rich Vaca Muerta mudstones (TOC = 5.0 wt.%). A) ¥&duerta sample showing solid bitumen (SB)
network. Insert in A shows solid bitumen embayediagf small euhedral crystals of carbonates. B)
Photomicrographs showing a solid bitumen streaky(grhite). C-D) Solid bitumen accumulations

with a granular/pitted surface texture. P: pyr@a: carbonate.



Fig.9. Incident white light (A-C) photomicrograplwl immersion) of organic-rich Kimmeridge clay
mudstones (A, TOC= 5.6 wt.%; B =10.9 wt.%; C, TOG® wt.%). D-F) Same field as A, B and C
under UV-fluorescence light. Al: lamellar alginiteacerals. T:Tasmanitealgal body. B: elongated
bodies of dark/brown amorphous organic matter ifledt as ‘bituminite’ macerals. I: inertinite

fragments. P: pyrite framboids.
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Fig.10. Different types of amorphous organic matéeD) and isolated structured organic matter (E-
L) observed in Kimmeridge Clay samples by opticaroscopy (transmitted light, oil immersion). A,
B): orange amorphous organic matter (or AOM) witlack pyritic inclusions (Py). C: black
amorphous organic matter (bl AOM). D: brown amongh@rganic matter with pyrite and oxidized
debris inclusions. E: woody oxidized fragment (WF).opaque oxidized debris from plant tissue
(WF). G: gelified membranes of plant tissue (PT)cHticular fragments (CF). | and J: pollen grains

(Po). K: well preserved@asmanitdike megaspore (Tsp). L: degraded megaspore (Dm).
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Fig.11. Scanning electron microscope images of dioa beam milled thin sections of thermally-
mature (Rox1.65%) organic-rich Vaca Muerta samples (A-B, TOG=6t.%; E-H, TOC=5.0 wt.%).

A, B, D) Backscattered electron (BSE) and seconedegtron (SE) images showing a continuous
spongy organic matter(OM)-hosted pore network veitundant oval pores. Insert in B shows the
presence of some devolatilization cracks (Dev.@padR, E-F) BSE images showing spongy/ granular
organic matter accumulations embayed in the mimaeafix. H and inserts in C-E show SE images of
spongy subangular OM-hosted pores. Insert in F s B8E images of pores located between mineral
and residual OM interpreted as mineral/OM poresBSE image showing a relatively low-porous
organic matter area. Ca: calcite. Qz: quartzritenterparticle pores. IntraP: intraparticle gorer:
microfracture. Some of the large macropores (oramgevs) and the microfractures observed in these

samples are interpreted as artefacts due to saripting and polishing.
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Fig.12. Scanning electron microscope images ofioa beam milled thin sections of low-mature
(Ro =0.5%) organic-rich Kimmeridge Clay samples (A: TAGH wt.%; B: TOC=11.2 wt.%; C-F:
TOC=5.6 wt.%). A-E) BSE images showing a gelifiezhsporous organic matter (OM). F and insert
in A show SE images of non-porous and homogenedds FD: microfracture. Ca : carbonate. Qz :
quartz. InterP: interparticle pores. IntraP: intidijzle pores. Fo: microfossil debris. Rare intréipke
pores are present in OM (orange arrows). Someeofaitye macropores (Ar) and the microfractures

(Fr) observed in these samples are interpretedefaets due to sample grinding and polishing.
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Fig.13. Palynofacies composition versus TOC costemtd hydrogen index of Kimmeridge Clay
samples (including Marton and Ebberston sample§MA amorphous organic matter. Structured
OM: structured organic matter composed of variduggrlasts including woody fragments, cuticular

fragments and other plant tissues, pollen grapmes and preserved phytoplankton.
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1 Fig.14. Relationships between silica, clay minesald TOC contents in Kimmeridge Clay (Marton

2 and Ebberston holes) and Vaca Muerta samples (ghtvé).
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1 Fig.15: Organic carbon content as a function otdjesurface area of Kimmeridge Clay and Vaca

2  Muerta samples. Comparison with the monolayer edeint model from Hedges and Keil, (1995).
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1 Fig.18. Pore size distributions and cumulated pareimes derived from the nitrogen adsorption
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3 model) as a function of TOC (in weight %).
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1 Fig.19. A-H) Pore volumes and specific surface @arfgam nitrogen adsorption measurements as a
2 function of TOC, clay, quartz, carbonate and albitatents for Vaca Muerta and Kimmeridge Clay

3 (Marton, Ebberston) mudstones. Microporeg,{¥) and mesopore (Ms) Volumes were obtained from
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the T-plot method using the Carbon black model.)CFBe dots represent samples with relatively low
clay mineral contents (group 1) and the diamondsdsfor samples with relatively high clay mineral
content (group 2). 1-J) SEM images of broad iombeailled thin sections of low-mature Kimmeridge
Clay samples showing differences in the texturelay minerals between the group 1 (J) and 2 (I).

InterP: interparticle pores.



Highlights

Shale pore networks vary significantly with thermal maturity.

The porosity of immature shales is dominated by mineral interparticle pores.
The porosity of gas-mature rocks is dominated by OM-hosted pores.

A decrease in pore size with increasing TOC is observed in gas-mature samples.

The higher oil-prone quality of high-TOC samples can influence OM-pores genesis.



