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Abstract

Low and high resolution petrographic studies haaenbcombined with mineralogical, TOC,
RockEval and porosity data to investigate contoolshe evolution of porosity in
stratigraphically equivalent immature, oil-windowdagas-window samples from the Lower
Toarcian Posidonia Shale formation. A series o$&@ples from three boreholes (Wickensen
Harderode and Haddessen) in the Hils syncline masstigated. The main primary
components of the shales are microfossiferousteal80-50%), clay minerals (20-30%) and
Type Il organic matter (TOC = 7-15%, HI = 630-72@/gC in immature samples).
Characteristic sub-centimetric light and dark laaion reflects rapid changes in the relative
supply of these components. Total porosities deeré@am 10-14% at Ro = 0.5% to 3-5% at
Ro = 0.9% and then increase to 9-12% at Ro = 1.4%fése maturity-related porosity
changes can be explained by (a) the primary cortiposf the shales, (b) carbonate
diagenesis, (c) compaction and (d) the maturatroaro-migration, local trapping and
gasification of heterogeneous organic phases. t€aladergoes dissolution and
reprecipitation reactions throughout the maturaequence. Pores quantifiable in SEM (>
ca. 50 nm) account for 14-25% of total porosity R&t = 0.5%, SEM-visible macroporeare
associated mainly with biogenic calcite. At thistandy, clays and organic matter are not
visibly porous but nevertheless hold most of theesiporosity. Porosity loss into the oll
window reflects (a) compaction, (b) carbonate caateam and (c) perhaps the swelling of
kerogen by retained oil. In addition, porosity luded by a range of bituminous phases,
especially in microfossil macropores and microfuaes. In the gas window, mineral-hosted
porosity is still the primary form of macroporosityost commonly observed at the organic-
inorganic interface. Increasing porosity into tlas gvindow also coincides with the

formation of isolated, spongy and complex meso-raadropores within organic particles,

! Classification of pores by the International Union of Applied and Pure Chemistry (IUAPC): micropores 2
(< 2 nm in diameter), mesopores (2-50 nm), macropores (> 50 nm).
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related to thermal cracking and gas generatiors iftiaorganic porosity is highly
heterogeneous: point-counted macroporosity of idda organic particles ranges from O -
40%, with 65% of organic particles containing nocno@ores. We suggest that this reflects
the physicochemical heterogeneity of the organasph plus the variable mechanical
protection afforded by the mineral matrix to allavacroporosity to be retained. The
development of organic macroporosity cannot alaoeant for the porosity increase
observed from oil to gas window; major contribusaiso come from the increased volume

of organic micro- and meso-porosity, and perhapkdrggen shrinkage.
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1. Introduction

The quality of a shale petroleum reservoir - itditghto store and then to yield oil and
gas - is an integrated reflection of the way in ethsedimentology, mineralogy, diagenesis
and organic matter maturation combine to influesbale pore systems and mechanical
properties. Whilst each one of these four subjbatsbeen studied for decades in the context
of palaeoenvironment, petroleum source rocks armhahfluid flow (see e.g. Tissot and
Welte 1984; Tyson 1995; Welet al, 1997; Potteet al, 2005; Aplin and Macquaker, 2010),
the focus on shales as reservoirs is more receqairmg a more detailed approach and an
integration of disciplines (e.g. Passsyal, 2010).

In recent years, conventional organic geochemicapr@aches to source rock
characterisation (e.g. Jarve al, 2007) have been combined with high resolutieattebn
microscope and synchrotron techniques (Bernetrcal, 2010; 2011) to gain a deeper
understanding of petroleum retention and the dityecd organic phases in shales. Improved
electron microscope technologies have also genesatiestantial new insights into the nature
of shale pore systems, especially when combineld @ttier techniques such as low pressure
gas sorption and small angle scattering (Loustkal, 2009; 2012; Ross and Bustin, 2009;
Desboiset al, 2009; Slatt and O’Brien, 2011; Heath al, 2011; Bernarcet al, 2012;
Fishmaret al, 2012; Klavert al, 2012; Clarksoet al, 2013; Houbert al, 2013; Milliken
et al, 2013; Rexeet al, 2014; Lianget al, 2014; Tanget al, 2014). Other studies have
focussed on mineral diagenesis in organic-rich naunts (Millikenet al, 2012; Macquaker
et al, 2014; Pommer and Milliken, 2015).

Many previous studies have focussed on shales spexific maturity and/or to
demonstrate the use of a specific technique asladavaluate shale properties. The aim of
this paper is to combine mineralogical, microscppetrophysical and organic geochemical

data to shed light on the controls of what are \getystantial, maturity-related changes in the
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porosity of marine, organic-rich, calcareous mudssofrom the Posidonia shalea(100 to
180°C; 0.53% to 1.45% Ro0). The samples are paatiguliseful because previous studies
have shown that the organic matter type and miogyabf samples from the three wells are
similar, albeit in the presence of sub-centimetaterogeneities (e.g. Rullkottet al, 1988;
Littke et al, 1991; Vandenbroucket al, 1993). We were thus able to track the evoluabn
the inorganic framework, organic matter and poyoa# a result of increasing thermal stress,
in addition to the role that small-scale heteroggnglays in the development of porosity.
Also, whilst the Posidonia Shale is not currentlynajor shale reservoir target, our results
show that it shares common mineralogical, sedintegical and geochemical characteristics
with the organic-rich facies of both the Haynesv{lHammes and Frébourg, 2012; Klaeéer
al., 2015) and Vaca Muerta (Kietzmaen al, 2011) shales, both of which are important

shale gas resource plays.

2. Samplesand Methodologies

The Posidonia Shale of the Lower Saxony Basin, IN@ermany is a fine-grained,
calcareous sediment deposited in an epicontinsetalduring the Lower Toarcian, second-
order sea level rise (e.g. Littket al, 1991; Rohl and Schmid-Rohl, 2005). The Lower
Toarcian transgression was a global event thatcediworldwide shelf anoxia and produced
excellent petroleum source rocks (Bachmatral, 2008). Temporal changes within the
Posidonia Formation are suggested to reflect higheer sea level changes, coupled with
subtle climatic fluctuations (Rohet al, 2001). Based on macro- and microscopic
observations, the formation is sub-divided intoeéhrunits: lower marlstone (1), middle
calcareous clay-shale (Il) and upper calcareoug-shale (lIl) (Figure 1b). While the

marlstone differs from the overlying shales in Imgvhigher carbonate contents (55-61 wt.%),
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units Il and Il are lithologically similar (35-3&t.%) and are distinguished by the common
occurrence of bivalves in the middle (ll) shaletite et al, 1991, Rullkoétteet al, 1988). All
three units contain well-preserved, Type Il manganic matter with minor contributions of
terrestrial macerals (Boet al, 2007; Littkeet al, 1991; Rohkt al, 2001).

For this study, samples were taken from the stiagtigically equivalent sections of three
boreholes in the Hils syncline: Wickensen (0.53% Rarderode (0.89% Jrand Haddessen
(1.45% R) (Figure la). The Hils half-graben forms part ofexies of horst and graben
structures that evolved during the Late JurassicGetaceous (Bruret al, 2014; Radket
al., 2001). Partly due to the complex tectonic aretrttal history of the area, the origin of
maturity variations in the Hils area is still dedk@dt Some proposed that local variations in
maturity relate to a Cretaceous intrusive body Mlegho Massif (Schaefer and Littke, 1988),
whilst others suggest that the maturity gradierat fanction of differential burial (Mackenzie
et al, 1988; Munozet al, 2007). Recent 3D modelling studies suggest thatregion
experienced a complex burial and thermal histoih differential heat flow associated with
the Mesozoic rifting episodes (Bruasal, 2014).

26 samples representing different stratigraphidsuand maturities were selected for
bulk analyses including Rock-Eval, TOC, grain dgnsind total porosity (Figure 1b). The
majority of samples were taken the lowest and Hagimeaturity wells, mainly because of
sample availability. Total Organic Carbon was meaduwith a LECO carbon analyzer
equipped with a HF-100 Induction Furnace on a qaab®free aliquot. Standard Rock-Eval
was performed according to Espitadital. (1977) using a Delsi Rock Eval OSA. To correct
for an oil-in-kerogen peak, 4 shale samples werleesb extracted with a mixture of
dichloromethane (93%) and methanol (7%) and sulesgbyjuanalysed for its remaining

hydrocarbon potential.
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The X-ray diffraction was performed by Macaulay eédtific Consulting Ltd. Bulk
samples were wet ground (in ethanol) in a McCroieand spray dried to produce random
powders with the optimum distribution of grainsra§ powder diffraction (XRPD) patterns
were recorded from 2-75021sing Cobalt k& radiation. Quantitative analysis was done by a
normalised, full pattern reference intensity r{fRdR) method. Expanded uncertainty using a
coverage factor of 2, i.e. 95% confidence, is gibgn+X®*®, where X = concentration in
Wt.%, e.g. 30 wt.% +3.3.

Grain density was measured on samples dried atCLOStng the “Small Pycnometer
Method” with an error + 0.02 g/cinin this method (Rexest al, 2013), 3 g of dry powdered
shale sample was added to a pre-weighed pycnowfeenominal value 50 mL, immersed in
the 10 mL of surfactant (5% Teepol) and gently simakThe slurry was outgassed in a
dessicator overnight, filled with the outgasseddeied water up to the total volume of the
pycnometer and weighed at temperature 25°C. Then gtansity was calculated from

Equation 1:

pw (m2—-m1)

pg = (1)

" (m4-m1)- (m3-m2)

wherepg (g/cn?) is the shale grain densityw (g/cnT) is the density of water at 25°C, m1
(9) is the pycnometer mass, m2 (g) is the masheopycnometer plus dry sample, m3 (g) is
the mass of the pycnometer plus dry sample plugrnwand m4 (g) is the mass of the
pycnometer plus water.

Total shale porosity was determined from the messgrain density and bulk density

when immersed in mercury at the pressure 25 psaig Ejuation 2:

p=1-2 2)

pg
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where® (%) is the calculated total shale porosjip, (g/cn?) is the measured bulk density at

25 psia, obtained using a Micromeritics AutoporeM¥rcury Injection Porosimeter, anpd)
(g/cnT) is the predetermined grain density (Reseal, 2014).

For microscopic studies, 20 highly-polished thinte®s and 3 resin covered blocks, cut
perpendicular to bedding, were prepared. Thin eestwere first scanned using an Epson
Perfection V500 scanner with 9600 dpi resolutionbsequently, each thin section was
examined with a Nikon Eclipse LV100 POL transmittigght petrographic microscope with
an attached Nikon Digital Sight DS-U3 camera. Pads blocks were examined in reflected
and UV light using an Oil Zeiss Immersol 518N ailmersion microscope. The fluorescence
of organic matter was determined qualitatively gdiV light with an HXP 120C accessory.

Carbon-coated polished thin sections were examungidg a Hitachi SU-70 High
Resolution Analytical SEM, equipped with an Oxfdrgtrument Energy Dispersive X-ray
microanalysis system (INCA Energy 700). Samplessweewed in Back Scattered Electron
(BSE) mode using the YAG detector with the follogioonditions: 15-8 mm WD, 15keV
accelerating voltage, 2-4 nA filament current. Boaluce the shale topography, prior to the
SEM imaging, selected samples were polished witrargon broad ion beam (BIB) in a
GATAN 691 Precision lon Polishing System (PIBS In order to fit into the system’s
chamber, the sample size was reduced to a 3 mmetBandisc with a GATAN 601
Ultrasound Disc Cutter using a water emulsion abbmitrate powder as a saw. Discs were
inserted into the PIP¥ chamber and bombarded with Ar ions in a vacuunt @8) for 6
hours (angle 3°, 5kV, 1-20 pA). Images used to tifygporosity were captured in Secondary
Electron (SE) mode using a through-the-lens detgdibD) at magnification 6,000x (pixel
size 15 nm). The total image porosity (practicathyacroporosity due to the magnification

used) was quantified on image mosaics coveringtal frea 6000 umwith the point
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counting method (10,000 counts) in the image amaBaftware JMicroVision 1.2.7. (Roduit,
2008).

For selected areas, element maps were generateglirsergy Dispersive X-rays (EDX).
Settings for the EDX collection were 300 um dwéihd for 35 frame acquisition, 15kV
accelerating voltage and 2.5 nA filament current.

For high resolution imaging, three samples werdenhil polished and imaged with a
gallium (Ga) focused ion beam (FIB) in the FEI ldelNanolab 600, using a FEG source. 15
KHm x 5 um trenches were cut using 8-16kV accelegabn beam voltage and 0.93-5.5 nA
beam current. Samples were viewed in BSE Immermsiaggecondary electron mode with the
following conditions: 4.1 mm WD, 1.5-3.0 kV acceléng voltage, 0.17-1.4 nA beam
current, using a through-the-lens detector fordoesipatial resolution. The images were
captured at magnifications between 10,000-200,00@xesponding to pixel sizes 25-1.2 nm.
These images were not used for quantitative pgrestimates due to the limited and thus

non-representative areas covered by the image.

3. Reaults

3.1 Composition and Texture

Low maturity Posidonia shale from the Wickensen QJVborehole (Ro = 0.53%) is a
medium grey, calcareous nannoplankton-bearing ltmesous nannoplankton-rich mudstone
(with the majority of mineral grains < 62.5 um inamheter), showing mineralogical
differences on scales ranging from millimetres tetmes (Figures 1, 2). Bulk mineralogy
(Table 1) indicates similar proportions (30-40 wt.86 both calcite and clays in the upper

shale units, with higher amounts of calcite comgate clays in the lower marlstone unit
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(~50% and ~25% respectively). As the main minereddgite and phyllosilicate abundances
are inversely correlated. The visible calcareowstion is much coarser in the lowest
marlstone unit (up to 0.6 mm; Figures 2, 3f) in gamson to both clay-rich units (typically

<0.1-0.3 mm; Figures 3a, 3b, 3c). Macrofossils warely observed in this study except for
rare occurrences of foraminifera (Figures 4e, Bajlves (Figure 4c), fish-bone fragments
and other, unrecognized calcareous skeletal fratgnen

Although the finest particles and cements constigutthe shale matrix cannot be
resolved with standard petrographic methods, thecraoiystalline nature of the
microscopically distinguishable carbonate aggregateygest that they are compacted faecal
pellets (Bouret al, 2007; Littkeet al, 1987; Rohkt al, 2001; R6hl and Schmid-Ro6hl, 2005;
Schieber, 1999). Their distribution varies from &parse and in some cases aligned into
discontinuous layers in the calcareous shalef)tdgnsely packed in the marlstone unit.

All three units of the Posidonia contain more-a@sl@pparent, sub-centimetric light and
dark laminae, reflecting differences in the proortof carbonate and clay components
(Figure 2). This lamination is most pronouncedha tupper shale unit (Figures 3a, 3b), with
individual laminae typically up to 3 mm thick (Figu2a). In both the lower calcareous shale
(Figure 3c) and marlstone horizons (Figures 3d, 3gthe sub-centimetric lamination is
typically less pronounced. In the marlstone unatizontal lamination is partly imparted by
variations in the abundance of faecal pellets (fegwb, 3d, 3e, 3f). Here, due to the large
size of individual pellets (often exceeding 0.5 mhapticular lamination is common (Figures
2b, 3e, 3f) and convoluted lamination also occlrsall units, contacts between laminae are
parallel and vary from sharp to gradual (Figures 23 3b). The regular character of the
lamination suggests that it is primary, reflectoitanges in the relative supply of the clastic
and biogenic components. Rarely, boundaries betwssamae are marked by an erosional

contact or the presence of a thin layer of silidgraarbonate or quartz (Figure 3c).

10



229 Modest changes in composition and fabric occur atunties of Ro > 0.9% and 1.45%.
230 While the total clay and carbonate contents do differ from those encountered in the
231 immature section, there is a relative increasehm proportion of dolomite to calcite,
232 irrespective of the unit (Table 1). Although théeno conclusive petrographic evidence for
233 the timing of dolomite formation, its absence iwlmaturity shale, plus the higher content of
234  Na-rich plagioclase in rocks of higher maturity le&al), suggests that both minerals formed
235  at oil window maturities. The textural effect ok#®e processes can be seen at the thin section
236  scale. In both Harderode and Haddessen, the prisudrcentimetre lamination is either still
237 preserved (Figures 4b, 5d), modified (Figures 2x), dr obliterated (Figure 2d) due to
238 diagenetic changes affecting the matrix calcite gederation/expulsion/redistribution of
239  organic matter (Figures 4, 5). Authigenic carbonsteommon, with crystals reaching > 100
240  um, and up to 0.05-0.1 mm (Figures 4d, 5b, 5c, &elmmonly cementing algal bodies
241 (Figure 4c), fossil cavities (Figure 4e) or fraesi(Figure 4f). Some layers are more affected
242 by diagenetic changes (Figure 4a) and may reflgfgrences in the original composition,
243  e.g. higher calcite or quartz contents. Consistetht the observations from the low maturity
244  borehole, faecal pellets are more abundant in thdstone unit (Figure 5f) than in the

245  calcareous clay-shale (Figures 5a, 5e).

246

247 3.2 Microstructure

248 High-resolution BSEM micrographs show that mosthef carbonate fraction in the early
249  mature Wickensen samples is of biogenic origin,odépd as faecal pellets (Figures 6a, 6c).
250  Nannofossils, mostly coccoliths and schizosphdoes debris dispersed in the shale matrix
251  or concentrated in microlayers or ellipsoidal agagtes (Figure 6c). Although individual

252  particles are often mechanically broken (Figure, @lmyme samples still contain a high
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proportion of less disarticulated material. Theesi nannofossil aggregates varies from <5
pm (Figure 6b) in the calcareous shale units to 608 um in the marlstone samples. In all
units, microlamination is typical, but its pattamdifferent in the sub-centimetre light and
dark laminae. In lighter laminae, nannofossil matéends to form continuous, <50 pum thick
layers (Figure 6a), whilst in the dark laminaeased islands of faecal pellets are commonly
surrounded by the clay-rich matrix (Figure 6b). Thegenic fraction shows signs of
diagenetic alterations, but its intensity is diffet in the marlstone and calcareous shale units.
Calcite diagenesis is more prominent in the manmkstanit (Figure 6c¢) and involves
precipitation of calcite cement in the intrafosaild intergranular porosity of coccoliths and
schizosphere debris. Cement precipitation, andilplgdscal dissolution and reprecipitation
of fossiliferous grains, is documented by the apge@e of faceted calcite crystals coexisting
with still unaffected fossil structures. In the twwore clay-rich Posidonia units, carbonate
cement is also present, but the intensity of aalditagenesis is lower. Nevertheless, we
observed subtle authigenic overgrowths on biogdragments (Figure 6b), authigenic
cement within biogenic aggregates, and the preseinsmall microcarbs of unknown origin,
infilling porosity. Overall, authigenic calcite mpitation is more prevalent in the sub-
centimetre, light laminae, which contain greatanaamtrations of nannofossil material, and is
weaker in the clay-rich zones where biogenic fragisare more dispersed.

Loss of nannofossil structures and precipitationnefv authigenic phases is more
advanced in samples of maturity 0.9% Ro (HAR) artb% Ro (HAD). In both HAR and
HAD, the infilling of coccolith canals and foramiera cavities with calcite cement is
ubiquitous (Figures 7a, 7b). The biogenic strucuralthough still present, are less
discernible, and fusing features within faecal gtsllare common (Figure 7e). The loss of
individual nannofossil structures suggests caldissolution and reprecipitation, but little

specific textural evidence is observed, apart ftbm presence of faceted calcite crystals in
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place of coccoliths (Figure 7d). Individual subledand euhedral crystals of authigenic
calcite vary in size from < 1 um up to tens of mis (Figure 7e). In some cases, calcite
cement fills algal cysts (Figure 6e), preventingnthfrom compacting mechanically. Some
zones are fully cemented, and their size can regcho 1000 um in length (Figure 7f).
Alternatively, these large calcite masses may sspremodified and unrecognizable, large
fossil fragments. Authigenic dolomite is commong aan be observed either as small (< 20
pim), discrete crystals (Figure 7b), or as largmerged zones up to 100 microns in length.

The composition of the clay fraction is similar @t maturities. Detrital clays are
potassium-rich; authigenic kaolinite is present endsually observed filling algal cysts and
cavities in fossil canals, or alternatively as feamork replacive/displacive cement (Figure
7f). The detrital silt fraction is dominated by aiza forming anhedral, rounded to subangular
grains varying in size from under 1 um up to 20 (Figures 6a, 7a). In samples at higher
maturities, authigenic quartz often cements détgiteartz grains (Figure 7a). In some cases,
recrystallized quartz forms part of diageneticatipdified microlayers (Figure 6f). Finally,
authigenic pyrite is present at all maturities,rorg small euhedra (Figures 6f, 7c), oval
framboids (Figures 6c¢, 7b, 7d), nodules, or diyectplacing biogenic calcite and quartz
(Figure 7c).

Physical compaction can be seen as horizontakfimity of algal cysts, clay aggregates,
and faecal pellets (Figures 3a, 6d, 8). The collapisthe shale structure can also be seen
adjacent to rigid shale components associated @athpaction shadows. The shortening of
the matrix in the vertical direction is clear attoréies between 0-5-0.9% Ro, often related to

the collapse of algal cysts (Figure 6d).

3.3 Organic matter
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In the least mature shale at 0.53%(®/IC), TOC varies between ~ 7-15 wt.% (mean 10
wt.%), decreasing to an average of ~ 7% in the pdakindow (HAR 0.89% R) and down
to ~ 6% in the gas window (HAD 1.45%,;Rrable 2). RockEval data confirm the maturation
pathway typical for the Type Il marine kerogen. ¥lgo observed a consistent drop in both
S1 and S2 yields, resulting in a decrease in Hhfre650 to ~60 mg/gTOC. A significant
drop in yield, from 10 to 1 mg/g, was observedtf@ amount of organic matter pyrolizable
under standard RockEval conditions, but on samptlesextracted with organic solvents
(S2). For all samples, $2which is that part of the S2 peak which can Heesu-extracted
and can thus be considered as a form of bitumegpmsistently higher than RockEval-
measured S1 (Table 3). Oil saturation indices,utaled as the ratio of (S1 + $20 TOC,
vary from 105 mg/gTOC for the early oil window sdmp66 and 102 for the two peak oil
window samples and 27 mg/gTOC for the gas windawse.

Most of the organic matter is unresolved in thedsad petrographic sections. Resolved
organic matter occurs as flat, up to 0.3 mm lomgano-clay aggregates (Figures 3d, 3f) and
as highly compacted, discrete cysts (Figure 3a)gé_gerrestrial organic particles (up to 500
pLm) are scarce, but relatively more common in thestone unit (Figures 2b, 3e, 3f).

Organic macerals show a gradual change in typeinwland colour as a function of
maturity. At Ro = 0.53%, structured algal liptinife.g. Tasmanales, Leiosphaeridales) is
common, forming well-preserved laminae or thick iesd(Figures 9a, b), and co-existing
with less pronounced lamellar bituminite. The shahatrix is strongly fluorescing,
comprising a bituminous-mineral groundmass, with arganic component, the so-called
matrix bituminite, representing a non-structuredrddation product of marine phytoplankton
and zooplankton (Taet al, 2012); this forms the most abundant organic carepbin the
shale. In low maturity Posidonia, the bituminousugrdmass is primarily associated with

clays (Figure 6a), but may also fill the interssicevithin fossils. Terrestrial macerals,
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including vitrinite and inertinite, are disperseddaare present in low abundance. Both
structured liptinite and terrestrial macerals contaulphur, typically incorporated into
organic matter as a by-product of bacterial sulfathiction processes taking place in anoxic
sediment (Macquaket al, 2014, and references therein).

At the peak oil window maturity, structured algakinhite is volumetrically less abundant
and has a weak, brownish fluorescence (FigureT™w).bodies of Tasmanales are collapsed
(Figure 6d), or locally filled with diagenetic cammates (Figure 6e). The bituminous
groundmass is much less fluorescent and insteaeinse network of non-solvent extractable,
solid bitumen fills intergranular space (Figures 9da). The increased concentration of solid
bitumen within faecal pellets provides a strong tst to the typical organo-clay
associations observed at lower maturity. Solid rbgo can also be found within
microfractures, often in association with diagenetrbonates (Figure 9d).

At the gas window maturity, the bituminous groundmaexhibits a very weak
fluorescence, and no structured algal liptinitepresent (Figure 9e). A tight network of
irregularly-shaped, non-extractable, solid bitunera dominant feature (Figures 9f, 10b).

The bitumen phase pervasively fills the tight, etaybonate matrix and microfractures.

3.4 Porosity

3.4.1 Total Porosity

Average grain densities increase as a functionathirity from ~2.3 g/crhat 0.53% R
to ~2.5 at 0.89% Rand ~2.6 at 1.45% JRreflecting the reduction in organic matter volume
and the increase in kerogen density (Okiongbal, 2005; Rexeet al, 2014; Table 2). At
0.53% R, porosities vary between 10-14% and, despite dueedhse in TOC and expulsion
of petroleum, decline to 2.5-4.5% in the peak oildow (0.89% R) (Table 2). In contrast, at

gas window maturities, with further reduction o€&tbrganic carbon content, total porosity
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increases to 9-14%, similar to those at 0.53%0ARrosity does not correlate with mineralogy
or TOC at any maturity, although any potential gait$s would be difficult to discern given
the relatively narrow range of both mineralogy di@{C content.

Grain densities and total porosities change whéubsobitumen is extracted (Table 3).
The most significant increase in grain density weeasured in the peak oil window sample,
with an insignificant increase in the gas windowalshand a very slight decrease in the early
mature shale (Table 3). On the basis of the chamgjee grain density of bulk shale “pre-”
and “post-extraction”, we estimated the amount had extractable bitumen and thus the
“minus-soluble bitumen” total porosity for threengales of medium (HAR 7060, 7070) and
high maturity (HAD 7110). We assumed that the estédale bitumen occludes porosity, and
therefore its amount is equivalent to the fractdporosity filled with soluble bitumen. The
results show that the amount of the extractablenein present in samples decreases from 2.8
volume % in the marlstone and 3.4 volume % in tleareous shale at the peak oil window
maturity to 0.68% (calcareous shale) in the gasdmin (Table 3); this corresponds to oil
saturations (i.e. % of porosity filled with solubldtumen) ofca. 44%, 44% and 7%
correspondingly. Some of this bitumen is likelyb® physically associated with kerogen and
so the oil saturations should be taken as maxinypothetical, bitumen-free total porosities
after solvent extraction are higher than those omeadsin the as-received shale (Table 2),
amounting to 6.3-7.8% and 10.1% in the peak oildewm and gas window samples

respectively (Table 3).

3.4.2 SEM Observation of Meso- and Macroporosity

Porosity point-counted from BIB-SEM images is nighgficantly different in samples of
different maturity, amounting to 1.3% in the Wicken sample, and 1.1% and 1.5% in the

Harderode and Haddessen samples respectively éitia). Due to the limited image
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resolution (pixel size 15 nm), almost all point-nted pores lie within the macropore size

range (> 50 nm). Mesoporosity (2-50 nm) is thusatiyeunderestimated or, along with the

microporosity (< 2 nm), unresolved. Consequentig, point-counted image porosity is only

14-25% of the experimentally measured total poypsiith the highest fraction of resolved

porosity found in the oil window shale (Figure 11b)

Pores were classified into interparticle, intrajgégtand organic matter-hosted using the

general classification of Louclet al (2009). Our division is based on the spatialti@aof

pores with respect to mineral phases and organttemand not on the origin of pores. The

following definitions of different pore types weadopted here:

Interparticle: 1) pores between detrital graingheenic minerals, nannofossils and clay
flakes; 2) pores (in 2 or 3D space) associated Wi¢hinterface of organic matter and
mineral matrix that do not visibly extend into arganic particle, and that are either
irregularly shaped or mirror the shape of the aghjnineral phase;

Intraparticle: 1) pores within single mineral gsior fossil bodies; 2) pores within well-

defined faecal pellets and pyrite framboids; 3) dimopores formed due to dissolution of
mineral phases; 4) pores at the interface of in@ogaatrix and organic macerals that do
not visibly extend into an organic particle, contd within a fossil body, faecal pellet or

pyrite framboid,;

Organic matter-hosted: 1) discrete, round, bubkke-pores in the organic matter; 2)

sponge-like pores within the organic matter, ofteerconnected and grouped; 3) pores
typically at the interface of organic matter anchemal matrix, irregular in shape, but

visibly extending in 3D into the organic partick); visible cracks within OM patrticles,

often with jagged edges and extending into thagert
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Pore types estimated by point-counting change diroilne maturity sequence from
exclusively inter- and intraparticle in the low maty sample, to inter- and intraparticle-
dominated in the peak oil window and finally, teerr and intraparticle-rich with a moderate
proportion of organic matter-hosted pores in thm@a from the gas window maturity
(Figure 12). Visual observations of different potgpes using high-resolution SEM
micrographs show a varied assemblage of pores siths as small as 5 nanometers
(200,000x magnification), up to a few um.

In the least mature sample (Figure 13), visibleep@re associated mainly with biogenic
calcite, with no significant porosity within theagl matrix. The typical intraparticle pores
associated with calcite are found within fully-opewccolith canals, coccolith canals partly
cemented with authigenic calcite, within fragmeotsSchizosphaerella, as well as between
fragmented or crushed nanofossils and authigenategphases within well-defined faecal
pellets (Figures 13a-e). Intraparticle pores am dbund within zones cemented with
authigenic calcite, between cement crystals, artkinvdiscrete calcite crystals as a result of
carbonate dissolution (Figure 13h). In some cat®sse pores are lined with organics,
imparting a smooth, pendular shape to pore edggar@-13e).

In contrast to the intraparticle pores, interpdaticarbonate-associated pores are found
mostly between carbonate phases and the organav@dayx (Figures 13i, j). The size and
shape of inter- and intraparticle pores is stromghated to the extent of precipitation of
diagenetic carbonates (Figure 13i). The size abhas calcite-associated pores ranges from
tens of nanometres to ~ 3 um. Pores found in thsilfbodies of Schizopheralles are usually
equant and straight edged, up to 500 nm in diamésge inter- and intraparticle pores
associated with altered nanofossils and carbonateents can be straight edged or

spheroidal, reaching up to 3 pm.
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Non-calcite-associated porosity is relatively mirbut small amounts of interparticle
pores occur between detrital clays, or adjacenuintz, or pyrite, often at the interface with
organic matter. These pores can reach 2-5 pm medex but also may form narrow, < 100
nm rims around or adjacent to mineral phases oamcgmatter (Figure 13k). Elongated
intraparticle pores occur within clay group minsramore pronounced where pyrite has
precipitated between clay platelets (Figure 138rde intraparticle pores, often lined with
organic matter, can also be sporadically found iwigyrite framboids (Figure 13g).

At the maturity of 0.5% Ro, the majority of orgammatter is not internally macroporous.
Occurrences of intraparticle organic matter-hogietes are very rare but include remnant
porosity within walls of semi-compacted Tasmandidedies (Figure 13l) and well-defined,
round or angular, <1 um pores found within arculgtely terrestrial organic particles.

In the shale at oil window maturity, most of theg@ptypes observed at lower maturities
are absent, lost due to compaction (mechanicalchethical) or occluded by solid bitumen
(Figure 10a). Several new types of intra- and pddicle pores occur (Figure 14).
Commonly, pores are associated with organic matelior authigenic phases. Elongated
pores with jagged edges cross-cut organic partashelsresemble microfractures (Figures 14a,
b). Many pores are found at organo-mineral inte$aand exhibit complex shapes which
match those of the surrounding mineral phases (€ifjde). Most of these interface pores are
associated with diagenetic calcite and are occaByofilled with authigenic phases (Figure
14f). In 3D, pores found directly within organicancalways be traced to particle edges
(Figures 14c, d).

Pores in oil window shales are also hosted witlmarganic domains (Figure 14qQ).
Fracture or cleavage-related porosity is associatéid clay-mineral platelets (Figure 14h),
sometimes partially filled with authigenic phasaslsas pyrite (Figure 14i). Crack-like pores

are also observed at clay-carbonate interface3DI®Blice and View reconstructions, crack-
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shaped pores often follow the shape of underlymgguoic phases. Within carbonate minerals,

intraparticle dissolution pores can be found (Fegik), ranging in size from < 100 nm up to

2 um. Rare intraparticle porosity, not clogged bgurnen, is also encountered within

domains of authigenic calcite (Figure 14l) and @yftamboids (Figure 14)).

Gas window shale, in contrast to samples of lowatunities, contains porosityithin

organic particles (Figure 15). This porosity is Hiyg heterogeneous, such that the point-

counted porosity of individual organic particlengas from 0-40%; 65% of organic particles

contain no SEM-visible porosity, i.e. no pores &rthan around 50 nm.

Although the shape and size of organic matter-ldogieres form a continuum, we

distinguished several end-members:

1.

Isolated, bubble-like pores, generally < 100 nm diameter. Their spatial
distribution within organic components is variedpmetimes uniformly
distributed within an organic ‘particle’ (Figure &% or occupying only a fraction
of a ‘particle’ (Figure 15c), or concentrated arficle’ margins (Figure 15f).
Similar to ‘bubble’ pores, but usually clusteredgroups, are sponge-like pores
(Figure 15b). They are very often visibly intercented in 2D and in 3D Slice
and View images, with elongated shapes of sizesesling 100 nm. The
direction of elongation is often along the margintwo adjacent phases, for
example at the interface of porous and non-poroganic phases, or near an
organic-inorganic interface. Similarly to discr@i@res, sponge-like pores may be
evenly distributed or occupy only a fraction of@ganic ‘particle’.

With the increase in size and connectivity of indibal pores, sponge-like pores
may be replaced by irregularly shaped or spheramdgdnic matter-hosted pores.

Although often present directly within organic neat{Figure 15d), in 3D they
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are usually associated with organic-inorganic fatses (Figures 15e, 15h). In 3D
Slice and View images, the interiors of complexgsobranch out into numerous
spongy-pores, penetrating the organic mass (Figjheg. Depending on the size
of a host organic ‘particle’, the diameter of agdncomplex pore may reach 500
nm.

4. Similar in shape to sponge-like pores, but usuakgociated with ‘particle’
margins and less likely to agglomerate into comgdexres, are oval, ‘pendular’
pores (Figure 15c). Ranging in diameter from a fems to a few hundreds of
nanometers, a single ‘pendular’ pore can occu@ygelfraction of a ‘particle’ or
alternatively, may be located only at the ‘partialgerface. Within a single
organic ‘particle’, ‘pendular’ pores can co-existwother organic matter-hosted
pore types.

5. The last type of intraparticle organic matter-hdgtere is found within terrestrial
macerals (Figure 15¢g). The shape of these poréssviaom angular to oval, and

their size may reach up to 1 pm in diameter.

Although intraorganic pores are a very characieri¢ature of the gas window
Posidonia shale, mineral-associated porosity liglsé primary form of SEM-visible porosity
(Figure 12). As for the irregular and complex oniganatter-hosted pores, mineral-associated
pores are commonly present at the organic-inorgamésface, but do not visibly penetrate
adjacent organic matter (Figures 15h, 16a, 16dHese interface pores have jagged edges,
with an irregularly-shaped organic face (Figure )13t smooth outlines (Figure 16b, c),
resembling the smooth interface pores already ptese the oil window (Figure 14e).
Depending on their relation to the surrounding gamic phases, the mineral-associated pores

can be classified either as intraparticle or irdetiple. The locations of the highest density of
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the interface pores include faecal pellet domai @yrite framboids (Figures 15i, 16e), but
the jagged-shaped pores can also be found in tiatyiof detrital grains and clay packages
(Figure 16f). The interface pores are the largesép present in the gas window Posidonia,
and their size can exceed 2 pm in diameter.

Other types of mineral-hosted pores in the gas maaample are relatively uncommon
but include: intraparticle pores within mica groupinerals (Figure 16q), intracrystal
carbonate dissolution pores with characteristierrhoidal outlines (Figure 16h) and possibly

blind pores between carbonate cement crystals (&ibi).

4. Discussion

4.1 Mineralogy and Texture

The laminated texture of the immature Posidonideshabserved mainly at the sub-
centimetre scale in this study, primarily reflegtgiations in the relative rates of supply of
biogenic calcite and detrital, clay-rich materidlhe predominantly concordant contacts
between laminae confirm the primary nature of @maihation and the lack of bioturbation
supports the probability that bottom waters werpleted in oxygen, as required for the
preservation of significant organic matter. In cast to Trabucho-Alexandret al. (2012)
who investigated Posidonia Shale from the Dutchti@éGraben characterized by a higher
clastic input, we did not encounter evidence of var current activity, apart from rare layers
of silt-sized material of unknown origin and veeye scours (Figure 4a).

Littke et al (1991) ascribed variations in the amount of cadbe and clay minerals to
relative changes in the rate of nutrient-depengembary production in surface waters as
compared to the supply of terrigenous clays. Simiartical laminations have also been

observed in the Posidonia Shale deposited in theéh8@st German Basin (Roéket al,
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2001). In this study, the importance of variatioms carbonate and clay is less its
palaeoenvironmental significance but rather the wagfluences diagenesis, the migration
and trapping of petroleum and the related way inclvithe pore system evolved. This is

explored in the next section.

4.2 Porosity and M acr oPor es

A key observation of this study is the way in whpbrosity changes as a function of
maturity. Porosities of as-received samples, atstiaet of oil generation (R= 0.5%, ca
100°C), are 10-14%, declining to 3-5% at R0.9% €a. 150°C) and then increasing to 9-
12% at R = 1.45% ¢a 180°C). In rationalizing these results, we muetail that the
petrographic data we present in this paper, wigisintitative in terms of point-counted
porosity, only accounts for around 15-25% of tqtatosity. Since the effective resolution in
this study is around 50 nm, we can only quantificraporosity, which in these samples is
mainly associated with carbonate-rich areas ost#timent and, in the gas window samples,
organic matter. As discussed by Regeal (2014) in a study of WIC 7145, WIC 7155, HAR
7038, HAR 7060, HAD 7090 and HAD 7119, which argogbart of this study, the majority
of porosity in these shales is micro- and mesopgraasociated mainly with clay minerals
and organic matter, and cannot be considered Neseertheless, the division of resolved and
unresolved porosity and their occurrence in speafineral and organic domains points to
the importance of original rock fabric as a staytpoint to model porosity retention, loss and
development.

We argue here that maturity-related porosity chamgéect the complex interplay of (a)
the primary clay/carbonate fabric, (b) carbonaigdnesis, (c) organic matter maturation,

migration and trapping, (d) gas generation and d¢bkgmically-enhanced mechanical
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compaction. Some of these processes occur simaoliaheand cause positive or negative

feedback to others.

4.2.1 Carbonate Diagenesis

Resulting from redox reactions during shallow burearly diagenetic carbonate is
common in many organic-rich mudstones (e.g. He4880; Macquakeret al, 2007,
Macquaketret al, 2014) and is observed here as uncompactediezél@d coccolith canals.
Nevertheless, early diagenetic pore-filling carliena relatively rare so that much of the
SEM-visible porosity in the lowest maturity sampiesssociated with fragments of biogenic
carbonate, often concentrated within faecal pe(leigures 3, 6, 13).

Whilst there is some evidence for authigenic calmtthe low maturity samples (Figures
6b, 6¢), it is not pervasive. Disappearance of n&ossils, recrystallization of carbonate and
precipitation of cement continues from the lowesthighest maturity samples, i.e. at
temperatures between 100 and 180°C, concomitartt wit and gas generation. The
diagenesis of calcite in organic- and clay-richlefidas not been studied in detail, but our
observations suggest that it may proceed at ardifferate to that observed in purer fine-
grained carbonate rocks such as chalk. Presswrgasoin chalk starts at temperatures as low
as 20°C, with dissolution seams and stylolites comnat 30-40°C (e.g. Mallon and
Swarbrick, 2002). Carbonate recrystallization iralkhis very advanced by 100-120°C,
similar to the temperature experienced by our ldwesturity sample. In contrast, calcite
cementation and recrystallization in the Posidamea limited at Ro = 0.53%, becoming
increasingly evident at 0.9% and 1.45%. Whilst wendt have sufficient information to be
conclusive about the apparently retarded carbathatgenesis in the Posidonia compared to
chalk, experimental data suggest that argillacetatks, due to the inhibition of carbonate

precipitation, are less prone to chemical compadtian pure chalk (Baket al, 1980). This
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is consistent with our observations that calcitagdnesis is more advanced in the more
carbonate-rich Posidonia marlstone compared with rtiore clay-rich middle and upper
Posidonia units. It has also been observed thgedisis and cementation can be retarded in
oil-filled carbonate and quartzose reservoirs assalt of alterations in the wetting state of
the reservoir from water-wet to oil-wet, and a camdant reduction of the amount of water
available for solution transfer (e.g. Scholle, 19%Wbrdenet al, 1998; Heaslewgt al, 2000).

It is certainly plausible that in an organic-richate like the Posidonia, carbonate surfaces
become oil-wet even prior to oil generation, assult of sorption of polar organic molecules
(van Duin and Larter, 2001; Aplin and Larter, 2Q0Sgvertheless, it is also plausible that,
similar to oil-saturated chalks, minor recrystaltion of calcite continued even under oil-wet
conditions (Fabricius, 2003).

Petrographic data are inconclusive about the distgeprocesses which result in the
precipitation of carbonate cements and loss of of®sil structures. Recrystallization
features, such as euhedral calcite in place of dmimg structures, and contact-cement
structures occur in the lowest maturity samples amdsignificantly better developed in the
more calcite-rich laminae. Recrystallization andliseibution (for example calcite in
bitumen-bearing microfractures) has clearly ocalrimit the relevance of pressure solution
to that process cannot be quantified. We also tiatediagenetic dolomite occurs in samples
at 150 and 180°C, which requires a source of magmesNhilst the Mg could in principle
be released as a result of the smectite to ilgasformation reaction (McHargue and Price,
2006), dolomite in these samples formed at temperathigher than the main illitisation
window; an alternative source of magnesium has lseggested to be high salinity brines
(Munozet al, 2007; Bernaret al, 2013).

The implications of carbonate diagenesis for payasvolution are difficult to quantify.

Whilst pore-filling calcite is observed, the losk lmogenic structures suggests that most
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diagenetic calcite is recrystallized from a biogepiecursor, implying a change from a less
to a more stable calcite type (Fabricius, 2003 crigeaallization of calcite without porosity
modification has been described in chalk (Fabrietual, 2008) and may inhibit compaction
by forming a stiffer framework due to the develomtef contact cements. Finally, whilst
stylolitisation is a well-known porosity reductiamechanism in carbonates, resulting in
calcite cement precipitation in pores away from #teess point (Fabriciust al, 2008;
Scholle and Halley, 1985), it is not commonly obsger in our samples, at least on a

microscopic scale.

4.2.2 Organic matter maturation, migration and trapping

Whilst the way in which different kerogen types a@pose to bitumen, oil and gas has
been extensively studied, both generally and sjgadif within the Posidonia (e.g. Behat
al., 2008a; 2008b; 2010; Bernaetlal, 2011; Dieckmanet al, 1988; Horsfielcet al, 1992;
Leythaeuseet al, 1988; Lewan, 1997; Rullkéttest al, 1988), the mechanisms of primary
migration, phase behaviour, bitumen entrapment evmlution of organic matter-hosted
porosity are still debated. Behat al. (2008b) proposed a kinetic scheme where kerogen
initially decomposes into a very viscous, NSO-riicjuid which is further decomposed into
more soluble non-hydrocarbon compounds and finathacked into hydrocarbons. The
occurrence of a heavy, intermediate bitumen phase also proposed by Michelet al.
(1996) and Lewan (1997). In this study, RockEvaadar unextracted and extracted samples
confirm the presence of a substantial amount ddravolatile bitumen phase within the low
maturity Posidonia shalecf( Clementz, 1978; Wilhelmst al, 1990). This early-formed
bitumen has a similar density to kerogen (Figurgdfl, based on the lack of petrographic
evidence for porosity-filling bitumen at this matyy we suggest that it has limited mobility

and is, in the main, physically associated withpghecursor kerogen.
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Continued cracking of the viscous phase into tretha the oil window results not only
in a less viscous petroleum (Dieckmaginal, 1988; Rullkotteret al, 1988; Schenlet al,
1997) but also a poorly soluble, high molecular gheiresidue, often described as solid
bitumen, residual petroleum or prechar. Whilst ®reuch as “petroleum” and “prechar”
simplify what is a complex chemical process whiclynmvolve more than two end-member
phases, we can imagine that different phases gedead different temperatures will have
radically different viscosities and mobility. Whilsnuch of the generated petroleum is of
course expelled from the shale, some remains pdilsi@associated with microporous
kerogen (Sandvilet al, 1992; Jarvieet al, 2007); another part, of particular interest hese
trapped within the pore and microfracture systenthefshale (Figures 9; 10). In our study,
micromigration and local trapping is corroboratgdnbicroscopic observations which show
the highly dispersed nature of the solid bitumenming a semi-continuous network (Landis
and Castafo, 1995; Loucks and Reed, 2014; Milléeal, 2014). The dispersed nature of
the retained bitumen phase partly reflects thgiretursor amorphous organic matter filling
spaces between mineral grains in the immature $Rejares 6b, 9a). However, in contrast to
the immature kerogen, which is mainly associatdti tie clays (see also Littlet al, 1991),
it is very common in the peak oil window and gasidaw to see organic matter infilling
porosity within microfossiliferous domains, indicegg micromigration and trapping. It is
plausible that bitumen within the source rock foldal the path of least capillary resistance,
entering large pores within microfossils which thested as micro-capillary traps. At gas
window maturities, the observation of solid bitumessociated with what are now areas of
cement and recrystallized calcite suggests thatatig of the bitumen phase was inhibited
once it became trapped in porous, rigid, microfdesbus zones. Similar solid bitumen,

although of different genesis, is well known in aid gas reservoirs (Hwargg al, 1998;
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Lomando, 1992) and also as a product of solidibeadf heavy oil in coals (Mastalerz and

Glikson, 2000).

On average, approximately 3 weight % TOC is losimfrour samples between Ro =
0.53% and Ro = 0.89% (Table 2). Converting thia tmlume % organic matter by assuming
a density for organic matter approximately halft tblithe mineral matrix (Okiongbet al.,
2005), this would lead to ancreasein porosity of around 7.5%, assuming a completigiigl
mineral framework and thus zero compaction. Thergetrographic evidence for minor
porosity generation. For instance, the appearafqeoms at the interface of organic and
inorganic phases (Figures 14d-f) suggests a volosseof organic matter due to petroleum
generation, although similar observations in theddbus shale have also been interpreted as
desiccation, depressurization or post-coring, pladteeation features (Millikeet al, 2013).
Fracture-like pores with jagged edges are also @égares 14a, 14b), but they are relatively
scarce and subordinate to microscale calcite- amian-filled fractures which probably
result from pore pressure increases related tolpetn generationcf. Curtiset al, 2013).

Overall, however, there is an average porosisg of 7.9% between maturities of 0.53
and 0.89% Ro (11.8% to 3.9%; Table 2). Althoughdh&p quantify, petrographic
observations suggest that some of the porosityifodsie to what we term here chemically-
enhanced mechanical compaction, seen for exampheinollapse of algal bodies as a result
of petroleum generation (Figure 6d). Bitumen phasay also fill porosity (Figures 9, 10).
Since early mature samples have higher porosities leve the largest amounts of the
extractable bitumen, we suggest that this earlynbén did not migrate but remained
associated with kerogen (Sandekal, 1992). In the peak oil window, continued generati
resulted in micromigration, trapping and occlusioihboth fracture and matrix porosity

(Figures 9, 10); this can account for up to 3% pityan the peak oil window (Table 3).
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The average loss of TOC between 0.89 and 1.45%sRdPo (Table 2), corresponding
to a potential porosity increase of approximatelf2 assuming a constant organic matter
density and no mechanical compaction. This wousdllten an average gas window porosity
of 6.3%, or 9.3% if we include the fraction of psity potentially occluded by soluble
bitumen in the oil window, compared to the measaestage of 11.3% (which is remarkably
similar to the average porosity of samples diregilypr to petroleum generation; 11.8%;
Table 2). The increased porosity coincides with tbemation of isolated, spongy and
complex organic matter-hosted meso- and macrop@resires 15; 16), similar to those
reported in several other gas-mature shales (Millit al, 2012; 2013; 2015; Chalmees
al., 2012; Louckset al, 2012; Bernarcet al, 2012; 2013). The lack of similar intraorganic
porosity in immature and oil window samples suggdhat it is the gasification process
which generates the pores. However, the heterotyesiethe intraorganic porosity, even on a
scale of a few microns (Figure 16) indicates tl&t processes which generate porosity in
organic matter are quite complex. In our gas windgample, 65% of organic particles were
not visibly porous in the SEM (although they aremporous; Rexeet al, 2014). Equally,
at the scale observed in the BIB-SEM images, 0Bk 2f total visible porosity is contained
directly within organics, with the majority assdeid with minerals. Bernaret al.’s (2010;
2012) synchrotron-based studies suggested thabp@es were specifically associated with
pyrobitumen, rather than kerogen, asphaltene or-N&Obitumen, in both the Barnett and
Posidonia Shale. Millikenet al.’s (2013) careful petrographic studies of gas-mature
Marcellus shale came to a similar conclusion. Alifito it is difficult to be sure about the
composition and origin of organic matter in SEMds#s, the close association of porous and
non-porous organic phases in gas-mature Posiddrabke,soften directly adjacent to one
another on a micron-scale, suggests that pyrobitdike, porous phases may have directly

evolved from the neighbouring non-porous particigere unable to migrate as a result of

29



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

capillary trapping and/or their high viscosity, andderwent further thermal cracking at
higher temperatures. In this case, the visible gtmecture likely marks a boundary between
two different organic phases. This scenario mag afgply to non-porous, arcuate terrestrial
macerals, which are often rimmed with a porous migphase.

Although we cannot be certain about the exact olditumen heterogeneity on the
distribution of organic porosity, many authors padio the importance of hydrogen donor
compounds such as asphaltenes or hydroaromaticpreagnting cross-linking during
cracking reactions (Behar and Pelet, 1988; Mich&®96; Schenkt al, 1997) and therefore
delaying the conversion and aromatization of thgaoic polymers (Lewan, 1997). On the
other hand, Tienet al. (2008) believed that although the absence of lgeltradonors may
enhance cross-linking and reduce oil potentialrobeganic molecule, it will increase its gas
potential at higher temperatures. It seems probdbég the highly variable porosity
development in organic phases relates to diffeceeimophysical properties of the organic
matter at the time of cracking, their associatiathwnexpelled oil and their potential to
release different hydrocarbon fractions, includimget gas and methane. Pyrolysis
experiments on various coals have revealed diftepatential for porosity development
depending on the maceral composition, their plgstiperties as well as coal rank, with the
viscosity and the advance in cross-linking shown ctntrol the extent of the coal
devolatilization (Alvarezet al, 1997). The “bubble-like” nature of some pores ntlagn
represent the last step in gas exsolution fromadirepolycondensed aromatic molecules
(Tiem et al, 2008), which were not able to release the prestwild up during gas
generation but were viscous enough to prevent goseire.

Although methane can be generated from high mgtketogens in the laboratory (Guo
et al, 2009; Mahlstedt and Horsfield, 2012), it islstiebatable whether residual kerogen

itself can participate in development of organicgsty at gas window maturities. Bernad
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al. (2011) did not find any porosity in overmaturedgen, whereas Louclet al. (2009) and
Reedet al (2014) suggest that porosity is developed wik@rogen, including within the oil
window. Our SEM micrographs show that in the HADmpée, approximately 65% of
organic phases are not visibly porous. Sorptioregrgents by Rexeet al. (2014) showed
that insoluble, bulk organic matter extracted froéhe overmature Posidonia shale is
microporous — as is coal - but they did not sepakatrogen from residual bitumen. It is
plausible that the presence of internal micropdyosiithin kerogen facilitates diffusive
release of gas from kerogen and does not favoueldement of pores (Vanderbroucke and
Largeau, 2007). Such microporosity may not occunitamen.

Recalling that 65% of organic matter particles um gas window sample do not contain
macropores, the macroporosity that we do obsernaganic matter using SEM techniques
cannot alone account for the substantial porosityelase observed from oil to gas window.
Two other porosity sources seem plausible. Firdthyy pressure C®and N sorption
experiments show that the volume of micro- and npEmosity, unseen in our SEM studies,
doubles or even trebles in Posidonia kerogen betve89 and 1.45% Ro (Rexet al,
2014). Secondly, it is possible that kerogen stwriak it matures from oil to gas window as a
result of the loss of that fraction of oil whichgenerated within the kerogen and which is
retained as sorbed oil (Sandwkal, 1992). Swelling ratios of 1.1 to 1.7 were meaduby
Larsen and Li (1994) on Type Il Albany kerogen gsinset of solvents of different polarity,
so that shrinkage upon loss of the oil is plausiild may be reflected as irregular pores both

within organic matter and, more commonly, at therface of organic and mineral matter.

5. Summary and Conclusions

1. Within our limited sample set, the porosity of Rimsiia shales halves in the oll

window compared to the immature shale and doublélse gas window compared to
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the oil mature shale. These changes can be exglameeference to (a) the primary
composition of the shales, (b) carbonate diagenés)scompaction and (d) the
maturation, micro-migration, local trapping andifjieation of heterogeneous organic
phases.

Biogenic calcite undergoes recrystallization, disson and reprecipitation reactions
throughout the maturity sequence; we suggest that dpparent retardation of
carbonate diagenesis, compared to chalk, is dueetchigher clay contents of the
Posidonia shales, and also their likely oil-wetesta

Pores quantifiable by SEM (> ca. 50 nm) only actdan 14-25% of total porosity.
At Ro = 0.5%, SEM-visible pores are associated paiith biogenic calcite, with
essentially no macroporosity within the clay matox organic matter. At this
maturity, clays and organic matter are not visipdyous but nevertheless hold most
of the shale porosity.

Porosity loss in the oil window is due to (a) cortpan, (b) carbonate cementation
and (c) perhaps the swelling of kerogen by retaingd Porosity, especially in
macropores within microfossils, is also occludedabyange of bituminous phases,
some but not all of which can be extracted withaorg solvents. Bitumen is also
observed in microfractures, probably related toaasing pressure in pores resulting
from petroleum generation. Some new pores are fdimée oil window, commonly
at organo-mineral interfaces and often associatdddiagenetic calcite.

Increasing porosity into the gas window coincidaghwhe formation of isolated,
spongy and complex meso- and macropores withinnargaatter, related to thermal
cracking and gas generation. Intraorganic porostyhighly heterogeneous; the
macroporosity of individual organic particles raageom 0 - 40%, with 65% of

organic particles containing no macropores. Thegelawvariation in organic

32



772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

macroporosity is considered to reflect both théedilg chemophysical properties of
individual particles and the protection against paagtion which a rigid mineral
matrix may afford softer organic phases. Microftssthius play an important role in
the generation and retention of organic porositgeithey are (a) bitumen traps and
(b) rigid.

6. The development of organic macroporosity cannohalaccount for the porosity
increase observed from oil to gas window; an aoldai contribution must come from
the increased volume of micro- and meso-porositythiermore, whilst intraorganic
pores are a very characteristic feature of gas evinBosidonia shale, mineral-hosted
porosity is still the primary form of macroporosityost commonly observed at the

organic-inorganic interface.
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Figure 1. Location of Hils syncline, Northern Germany andeth boreholes: Wickensen
(WIC; R, 0.53%), Harderode (HAR; 0.89%) and Haddessen (HAB5%) (after Mann and
Mdaller (1988) and Horsfieleet al (2010)). b) Lithological profile of the Posidon&hale
from the three boreholes with a marlstone unia(iyl two calcareous shale units (Il and III);

red dots represent sample locations (after Ligtkal (1991)).

Figure 2. Scans of polished thin sections. The bedding piar®rizontal. Vertical arrows

denote thickness of distinguishable laminae. a)QW129): Horizontal lamination marked
by the alternation of more calcite- and clay-ridrikhons. The thickness of individual laminae
reaches up to 3 mm. b) (WIC 7153): Lenticular laation with large faecal pellets up to 0.6
mm. Faecal-pellet diluted horizons alternate witdnizons with higher proportions of clay
(darker lamina). ¢) (HAD 7101): Alternating darkdatight laminae, reflecting different

amounts of carbonate and clay are still visibléhis higher maturity shale. d) (HAD 7119):
Any original lamination has been lost in this higlturity marlstone sample. D — dark, clay-

rich lamina, L — light, carbonate-rich lamina, FlRaecal pellet, T — terrestrial organic matter.

Figure 3. Plane-polarized-light optical micrographs, Wickemsa) (WIC 7129): Flattened,
compacted algal bodies (green arrow) and faec&tpdred arrow) constitute well-oriented
components in the fabric of the calcareous clayesha) (WIC 7139): Microlamination
marked by different amounts of matrix calcite. laghunits (centre and bottom) are relatively
enriched in calcite and impoverished in clay as parad to darker units (top). Large faecal
pellets (> 500 um), visible at the top, are scancéhe upper, clay-rich Posidonia unit. c)
(WIC 7145): A layer of silt-sized carbonate graseparates two laminae. Shale below the silt

layer has larger faecal pellets (red arrow) antigister in plane-polarized light. d) (WIC
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7151): An example of lenticular microlaminationansample from the marlstone unit. The
bright horizontal lenses (red arrow) are composedall-defined faecal pellets. Flattened,
organic-rich clay aggregates are marked with argegsow. e) (WIC 7153): Well-developed,
lenticular lamination due to the presence of uliaps faecal pellets (red arrow). Small
particles of woody organic matter are disseminatethe shale matrix (orange arrow). f)
(WIC 7153): Details of the lenticular laminationaige faecal pellets, up to 500 pm in length
(red arrow), alternate with brown organo-clay aggtes (green arrow). A woody organic

particle is marked with an orange arrow.

Figure 4. Plane-polarized-light optical micrographs, Hardkeroca) (HAR 7038): Lamination

in this calcareous clay-shale is due to presenckyars containing differing amounts of
guartz and authigenic pyrite. An uneven surfadevbehe bottom silt layer may be erosive
in origin. b) (HAR 7046): Preserved original lamtioa is picked out by a layer of silt-size
quartz grains in the middle of the image. c) (HAB60): Carbonate cement, most likely
precipitated within an algal cyst (red arrow). Gregrow denotes authigenic pyrite filling a
small bivalve. d) (HAR 7060): Carbonates often shdwmbohedral shapes (red arrow),
suggesting in-situ precipitation. e) Large forarf@nitest with intraparticle carbonate cement.

f) (HAR 7070): Sub- and euhedral carbonate crydiaitlsg a small fracture (red arrow).

Figure 5. Plane-polarized-light optical micrographs, Haddess) (HAD 7083): Small-scale

heterogeneity of the calcareous clay-shale is itedaoy the presence of flattened and oval
faecal pellets (red arrows). The unit at the top &lso more silty material (carbonates and
quartz), and more pyrite (green arrow). b) (HAD Z¥tODiagenetic carbonates are
concentrated in specific layers. c) (HAD 7101): Mgraph of an area within (b). Flattened

carbonate aggregates are composed of sparry caengent (green arrow) or show
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1140
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1143
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1145
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1149

1150

microcrystalline texture in faecal pellets (redoary. Matrix carbonates alternate with
aggregates enriched in clays and organic mattea an 100 um scale. d) (HAD 7101):
Microlamination marked by different concentraticfdaecal pellets. A lamina in the centre
is more enriched in faecal pellets (red arrowshfttiee unit at the top of the image. e) (HAD
7110): Diagenetically altered matrix of the calcare clay-shale, with large faecal pellets
(red arrow) and discrete carbonate cements (gmeew)a Carbonate phases are disseminated
in the more clay-rich shale. f) (HAD 7119): In tluarbonate-rich mudstone, the shale matrix

is dominated by a network of compacted faecal (led arrows).

Figure 6. Backscattered electron micrographs, WickenserHarderode. The bedding plane
in all images is horizontal. a) (WIC 7129): Microlaated calcareous clay-shale (light
lamina) with alternating faecal pellet-rich (redaav) and clay-rich layers (green arrows).
Visible organic matter is mostly associated witke ttlay-rich areas. Silt-sized quartz and
pyrite are common, widely disseminated in the math) (WIC 7129): Details of the
nannofossil enrichment in a dark lamina of the aadous shale. Biogenic calcite is
surrounded by clays. Coccoliths are mostly broked authigenic overgrowths, if present,
are very subtle, resulting in more equant edgesoctoliths (red arrows). Organic matter
(green arrow) forms elongated laminae. ¢) (WIC 7j198annofossil-rich pellets in a
marlstone sample with ubiquitous inter- and inteaglar cement and partially recrystallized
nannofossil structures. Recrystallized biogeniccital fragments are suggested by the
presence of faceted calcite crystals (red arrowskisting with unmodified fossil structures.
Clay laminae (green arrow) are volumetrically labsindant than in the calcareous shale. d)
(HAR 7046): Calcareous clay-shale at peak oil wimdmaturity, at low magnification.

Organic structures, ubiquitous at lower maturitiesye collapsed (green arrows). e) (HAR
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7046): Calcite cement precipitated in an algal ,cigstally preventing compaction. f) (HAR

7046): A lamina of detrital quartz with intergraaubjuartz, pyrite and kaolinite cement.

Figure 7. Backscattered electron micrographs, HarderodeHauttiessen. The bedding plane
in all images is horizontal except for image (f). @AR 7060): A foraminifer with

intraparticle calcite and pyrite cement (red arrdiipng original intrafossil pores. Above, a
quartz-rich lamina with authigenic quartz cementuohgfrital grains (green arrow). The
biogenic material in faecal pellets (orange arrehdws signs of local cement precipitation,
interlocking biogenic grains. b) (HAR 7070): Diag¢ically-altered faecal pellet (centre)
showing inter- and intragranular authigenic caldéxtures. Authigenic, rhombohedral
dolomite cement marked with a green arrow. c) (HAIB3): Gas window shale. Authigenic
pyrite forms small euhedra, oval framboids or diseceplaces biogenic calcite (red arrow)
and quartz (green arrow). Small authigenic calgitecrocarbs) grains are ubiquitous in the
matrix. d) (HAD 7083): Calcareous shale showingdewce of recrystallized calcite, with
faceted calcite crystals replacing coccoliths (egtbws) and intraparticle cement filling
intrafossil canals (green arrow). e) (HAD 7083)tehtocking calcite texture within a

fossiliferous aggregate, dominated by faceted gathc calcite. Unaltered coccoliths are
very rare (red arrow). f) (HAD 7115): Large zonecafcite cement with authigenic kaolinite
in the centre. This large calcite zone may alscab®@ow-unrecognizable fossil fragment.

Bedding plane is marked with a dashed line.

Figure 8. SEM-EDX-ray maps displaying microlamination atrathturities (a) WIC 7129, b)
HAR 7060, c) HAD 7110). The microlamination is matgkby the alternating pattern of
carbonate-rich (blue) and clay-rich (green) lamjreaed in the lower maturity samples, also

organic wisps (pink). The bedding plane in all irrags horizontal.
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1176

1177  Figure 9. Paired oil immersion (left) and reflected lighigfit) micrographs. Horizontal scale
1178  bar denotes 50 um. Dashed line indicates direafobedding plane. a, b) (WIC 7129):
1179  Wisps and oval bodies of algal cystsr(Aasmanales, ALeiosphaeridales) constitute the
1180 most prominent organic components. Other maceralkide: unidentified alginates (A),
1181  bituminite (B), vitrinite (V), inertinite (). Stnog fluorescence of the matrix is due to the
1182  presence of the matrix bituminite. The contrasthis micrograph has been subdued due to
1183  strong yellow fluorescence. ¢ ,d) (HAR 7060): Algaddies are mostly collapsed (A
1184  Matrix bituminite shows much weaker fluorescencelidSbitumen (B) is present in the
1185  maitrix, concentrated in fossiliferous zones. Aretns; d) shows a fragment of a fracture
1186 filled with solid bitumen and authigenic carbonaf€y. e, f) (HAD 7110): No alginate is
1187 present and the matrix is only marginally fluoregce Solid bitumen (B forms a dense
1188  network in the shale matrix and within fossilifesownits.

1189

1190 Figure 10. Secondary Electron micrographs of BIB-polished gasafter solvent extraction.
1191 a) (HAR 7060): Non-extractable solid bitumen (dairk)this oil window sample fills pore
1192 space between faceted calcite crystals (black a@jromva fossiliferous domain. b) (HAD
1193  7110): In this gas window sample, non-extractalolé porous solid bitumen (with pores <
1194 100 nm) fills the pore space between pyrite criigtalin a framboid.

1195

1196  Figure 11. Point counted image porosity in % (a) and as etiftra of total porosity (b).

1197

1198  Figure 12. Ternary diagram showing distribution of visibIENS porosity (pixel size 15 nm)
1199 in WIC 7129 (0.53% Ro) (black circle), HAR 706089% Ro) (red circle) and HAD 7110

1200 (1.45% Ro) (green circle).
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Figure 13. FIB-SEM and BIB-SEM micrographs, Wickensen. Beddias perpendicular to
the plane of view. a) Intraparticle pores withiaccolith canal; b) Intraparticle pores in a
fragment of Schizophaerella; c) Intraparticle parea compacted, crushed faecal pellet; d)
Intraparticle pores in a faecal pellet with ubiqus calcite cement; e) Intraparticle pores
lined with the organic material in a fragment ohBophaerella; f) Intraparticle pore in clay,
with authigenic pyrite precipitated between clantelets; g) Intraparticle pore within a
calcite-cemented pyrite framboid; h) Intraparticédcite dissolution pore; i) Interparticle pore
associated with faceted authigenic calcite andystallized biogenic debris; j) Interparticle
pore associated with biogenc calcite; k) Organittenaassociated pores at the interface with
the mineral matrix; 1) Organic matter-hosted poiiéhin an algal body. Cal — calcite, Dol —

dolomite, Py — pyrite, Qtz — quartz, OM — organiatter.

Figure 14. FIB-SEM and BIB-SEM micrographs, Harderode. Beddmperpendicular to the
view plane. a) Fracture within organic matter (OBRtending into the organic-mineral
interface; b) Fracture at the interface of OM aaltite; c) Interparticle pore at the interface
of OM and calcite; d) Interparticle pores from @# interface; e) Interparticle pores at the
interface of OM and authigenic calcite crystals;Ifyerparticle, crack-like pore from the
interface of OM and diagenetic calcite; g) Intetjuée pore associated with matrix dolomite
and calcite; h) Open fracture-like pore within ¢lgyintraparticle, cleavage-associated pore
in mica; ) Intraparticle pores within a pyrite mndoid; k) Intraparticle pore formed due to
dissolution of dolomite ; I) Intraparticle pore asmted with authigenic calcite. Cal — calcite,

Dol — dolomite, M — mica, Py — pyrite, Qtz — qua@M — organic matter.
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Figure 15. FIB-SEM and BIB-SEM micrographs, Haddessen. Begldsnperpendicular to

the view plane. a) Discrete, bubble-like pores imithn organic matter; b) Spongy organic
matter-hosted pores, visibly interconnected anduggd; c) Pendular, rounded organic
matter-associated pores; discrete pores are aésemt; d) Complex organic matter-hosted
pore from the interface with the mineral matrix; @mplex organic matter-hosted pore
extending into the organic particle, occupying ititerface with the mineral matrix in the 3D
space; f) Organic matter-hosted pores borderingreedtrial organic maceral; g) Partly
compacted pores within a terrestrial organic mdcajanterparticle pore at the interface of
organic matter with diagenetic calcite and claysinterparticle pores between clusters of

pyrite framboids and quartz. Cal — calcite, Py #tpyQtz — quartz, OM — organic matter.

Figure 16. FIB-SEM and BIB-SEM micrographs, Haddessen. Begldsnperpendicular to
the view plane. a) Interparticle pore between @gygregates; b) Interparticle pore between
faceted calcite crystals. The pore is lined witgamics and thus resembles organic matter-
hosted porosity; c) Interparticle pores at therfame of OM and diagenetic calcite. Note
discrete and spongy pores within the organic phdisktraparticle pores in a fossil fragment;
e) Intraparticle pores in a pyrite framboid. Pya&sociated pores coexist with complex and
spongy organic matter-hosted pores; f) Intra-clagep, partly filled with OM and pyrite; g)
Intraparticle pores within clays evolved due to ggugation of diagenetic pyrite; h)
Intraparticle dolomite-dissolution pore; i) Intrapele pores within calcite cement. Cal —

calcite, Dol — dolomite, Py — pyrite, OM — orgamatter.
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1247  Table 1. TOC-normalized mineralogical composition (wt.%}) WIC (Ro 0.53%), HAR (Ro 0.89%)

1248  and HAD (Ro 1.45%). n.d. = not detected

Quartz 12.4 15.1| 11.8| 14.0 78| 146| 16.4| 12.2| 10.8| 11.0| 148| 141 7.6
Plagioclaseg 1.0 0.2 0.9 0.6 1.3 19 2.0 2.6 3.7 24 2.8 3.2 4.5
K-Feldspar 0.7 0.0 0.0 0.0 0.0 0.5 0.4 04| 05 0.5 0.1 0.7 0.6
Calcite 324/ 35.8| 415 38.1| 50.0| 40.1| 39.5| 28.7| 42.2| 49.0| 36.8| 28.5| 46.3
Dolomite 0.3] 0.0 0.3 0.2 0.5 0.6 1.0 6.0 2.0 0.6 1.7 3.7 25
Siderite/

Ankerite 04| 0.0 0.8 1.8 0.5 0.2 0.3 0.3 0.3 0.1 0.8 0.4 0.6
Aragonite nd| n.d. 1.2| nd. 12| nd.| nd.| nd.| nd.| nd. 0.6| n.d. 1.4
Pyrite 4.8 45 35 3.7 4.9 5.2 4.8 8.6 5.2 6.9| 4.6 6.6 4.2
Marcasite 0.7 nd.| nd.| nd| nd. 0.6 0.2 0.9 12| nd.| nd 0.2| n.d.
Anatase 03 0.1]| nd. 0.1| n.d 0.3 0.2 0.2 0.3 0.2| nd. 04| n.d.
Muscovite 23 22 0.0 1.2 0.1 29 2.8 3.5 3.0 24 1.2 4.4 0.0
lllite + I/S 21.7| 22.0| 20.0| 25.4| 175| 17.0| 189| 24.7| 18.3| 13.2| 22.1| 235| 181
Kaolinite 104 6.0 4.5 7.1 2.0 8.2 6.8 6.2 4.0 6.0 3.6 8.1 1.0
Dickite nd.| n.d. 11| nd. 09| nd.| nd| nd| nd| nd 1.2| n.d. 0.0
Chlorite nd., 0.4 1.8 0.2 16| nd.| nd.| nd.| nd 0.0 0.6| n.d. 2.5
Gypsium nd| 0.3 2.0 0.4 22| nd.| nd| nd| nd 0.4 1.7 n.d. 3.5
Halite n.d. 01, nd.| nd| nd| nd.| nd| nd| nd 01| nd.| nd.| nd.
TOC 12.6/ 13.3| 109| 7.3 9.7 7.9 6.8 5.8 8.7 6.4 7.4 6.4 7.2
Total 100, 100 100 100 100 100 100 100 100 100 100 100 100
1249
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1251  Table2. Leco, Rock-Eval, grain density and total porosisults for selected Posidonia samples from

1252 wells WIC (Ro 0.53%), HAR (Ro 0.89%) and HAD (Rd3%).

Sample TOC S1 S2 HI Tmax | Grain Density | Total
(%) | (mgHC/g)| (mgHC/g) | (mgHC/gC)| (°C) (g/cn?) Porosity

WIC 7129 | 12.59 3.02 90.25 717 427 2.254 0.098
WIC 7133 | 8.71 2.57 54.90 630 434 2.392 0.128
WIC 7135 | 13.27 4.62 84.63 638 427 2.249 0.101
WIC 7137 | 10.25 3.18 68.10 665 427 2.343 0.106
WIC 7139 | 9.36 2.81 64.95 694 428 2.375 0.135
WIC 7142 | 10.43 3.52 72.37 694 426 2.346 0.122
WIC 7145 | 10.92 4.18 72.03 660 425 2.331 0.129
WIC 7147 | 7.28 2.26 47.76 656 434 2.458 0.114
WIC 7151 | 14.75 5.85 89.61 608 429 2.236 0.105
WIC 7153 | 7.34 2.45 48.37 659 431 2.489 0.139
WIC 7155 | 9.67 3.87 69.41 718 429 2.361 0.126
HAR 7038 | 7.91 3.29 30.17 382 449 2.493 0.031
HAR 7046 | 6.75 2.93 26.03 386 450 2.526 0.046
HAR 7060| 5.78 1.47 19.72 341 447 2.592 0.045
HAR 7070| 8.71 2.26 31.27 359 449 2.463 0.035
HAD 7083 | 7.35 0.75 4.10 56 465 2.589 0.137
HAD 7090| 7.41 0.94 4.16 56 464 2.572 0.114
HAD 7094 | 5.21 0.845 3.52 68 459 2.608 0.121
HAD 7097 | 5.40 0.75 3.15 58 458 2.609 0.119
HAD 7099 | 6.51 0.98 3.86 59 463 2.576 0.106
HAD 7101 | 5.88 0.92 3.1 53 457 2.624 0.118
HAD 7104 | 5.04 0.72 3.385 67 459 2.620 0.116
HAD 7105| 5.85 0.77 3.28 56 461 2.621 0.112
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HAD 7110| 6.36 1.07 3.79 60 462 2.600 0.094
HAD 7115| 6.49 1.12 3.80 59 460 2.614 0.093
HAD 7119| 7.15 1.23 3.16 44 459 2.607 0.115
1253
1254
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1255 Table 3. Rock-Eval evaluation after solvent extractionflmuir Posidonia samples, wells WIC (0.53%

1256 R,), HAR (0.89% R) and HAD (1.45% B).

S1+ S2a Oil saturation| Grain | Total Estimated
S2a S2b
Sample (mg/g) % index density | porosity | bitumen
(mg/g) (mg/g)
TOC (mg/gTOC) | (g/en?) | (%) content (%)
WIC 7129 104 13.20 10.5 79.89 104.8 2.236 n.d. . nd
HAR 7060 4.5 5.89 10.2 15.25 101.9 2.682 7.8 3.4
HAR 7070 3.5 5.71 6.6 27.79 65.6 2.533 6.3 2.8
HAD 7110 0.7 1.74 2.7 3.05 27.4 2.618 10.1 0.7
1257
1258
1259
1260

57
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Figure 9 Two column
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Figure 11 Two column
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Figure 12 Single column
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Figure 13 Two column




Figure 14 Two column




Figure 15 Two column




Figure 16 Two column




Highlights: Mathia et a. Microscopic, Petrophysical and Geochemical Characterisation of the Lower
Toarcian Posidonia Shale: Implications for Porosity Evolution in an Organic-rich, Calcareous Shale

Porosity of organic-rich, calcareous Posidonia Shale halvesin oil window and doublesin gas window
Porosity changes driven by carbonate diagenesis and retention/gasification of bitumen

Pores quantifiable by SEM (> ca. 50 nm) only account for 14-25% of total porosity

Macroporosity of single organic particlesin gas window range from 0-40%

Much of porosity generated in gas window isin micro- and mesopores



