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ABSTRACT

A significant part of the hydrocarbons contained in source rocks remains confined within the
organic matter — called kerogen — from where they are generated. Understanding the sorption
and transport properties of confined hydrocarbons within the kerogens is, therefore, paramount
to predict production. Specifically, knowing the impact of thermal maturation on the evolution

of the organic porous network is key. Here, we propose an experimental procedure to study the
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interplay between the chemical evolution and the structural properties of the organic porous
network at the nanometer scale. First, the organic porous networks of source rock samples,
covering a significant range of natural thermal maturation experienced by the Vaca Muerta
formation (Neuquén basin, Argentina), are physically reconstructed using bright field electron
tomography. Their structural description allows us to measure crucial parameters such as the
porosity, specific pore volume and surface area, aperture and cavity size distributions, and
constriction. In addition, a model-free computation of the topological properties (effective
porosity, connectivity, and tortuosity) is conducted. Overall, we document a general increase
of the specific pore volume with thermal maturation. This controls the topological features
depicting increasing accessibility to alkane molecules, sensed by the evolution of the effective
porosity. Collectively, our results highlight the input of bright field electron tomography in the
study of complex disordered amorphous porous media, especially to describe the interplay

between structural features and transport properties of confined fluids.

INTRODUCTION

The production of hydrocarbons from hydraulic fracturing wells in source rock formation
depends on three factors: the creation of fracture networks reaching the confined hydrocarbons,
the ability to maintain these fractures opened, and the intrinsic fluid sorption and transport
properties of the materials storing hydrocarbons.!-> While the first two factors may be optimized
by engineering strategies, the latter depends solely on the material physical chemistry. At the
molecular scale, hydrocarbons are generated and stored within organic agglomerates, typically
referred to as kerogens, composed of an amorphous porous carbon skeleton and dispersed in a
fine-grained mineral matrix.® The chemical composition of the carbon skeleton (carbon
hybridization, functional groups, oxygen and hydrogen content) evolves through thermal

maturation induced by geological burial.” Realistic atomistic-scale models of kerogens have
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recently been proposed®® as a means to simulate the nano-structural arrangement of the carbon
skeletons and their atoms hybridization at different thermal maturation. The nanoporous
networks hence modelized, were evidenced to be responsible for the significant adsorption of

10,11

hydrocarbons!®!!, the breakdown of continuum hydrodynamics'®, the occurrence of self-

12-14"and the presence of interfacial wetting effects.!®

diffusion governed transport regimes
These results contributed greatly to the physical understanding of the fast productivity decline
of hydrocarbon production wells of source rocks formations.>*> Such studies, however, only
accounted for nanoscale structural pores (diameter @ < 2 nm) of the carbon skeleton, which

only constitute the lower bound of the pore size distributions described in the literature.

Considering the different sizes of pores making up organic porous networks, as experimentally

16-18 19-22
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probed in scanning electron microscopy'®'®, small-angle X-ray and neutron scattering and

gas adsorption?!-23-24

, 1s paramount to cover the mechanisms affecting hydrocarbon production
from source rocks.

From an experimental perspective, the analysis of gas adsorption isotherms demonstrated that
the thermal maturity of the organic matter affects the pore volume and specific surface
area.”!"?324 Analyses of gas adsorption measurements also allows for the determination of the
pore size distribution (PSD), assuming well-defined and regular pore morphology (slit,
cylinder, sphere), but do not provide any information on the network’s topology. Specifically,
the impact of thermal maturation on network’s constriction, accessibility, and tortuosity
remains unknown. However, this knowledge is crucial as these parameters have a significant
impact on both sorption and transport of fluids in porous networks.>** To this end, the recent
developments of bright-field electron tomography?’ offer a promising method for 3D imaging
of pores with diameters of at least a few tenths of nanometers.?*-3° The physically reconstructed
3D networks can be analyzed numerically to determine the structural and topological properties

at the mesoscale (from 2 to 50 nm).?!-%



We herein combine conventional organic geochemistry with electron tomography on a set of
organic-rich source rocks covering a wide span of natural thermal maturity to pinpoint its
impact on the structural and topological properties of organic porous networks. The selected set
of samples originated from a single source rock formation, namely the Vaca Muerta
formation®>?® (Neuquén Basin, Argentina), to minimize differences in the original kerogen
composition. This geological formation is composed of a succession of shales and marls and is
widely recognized as a prolific hydrocarbon producing resource.? It is characterized by a high
total organic content (TOC =2 — 8 wt. %) and a large thermal maturity gradient running east to
west.?> The organic matter is primarily identified as type II kerogen, mainly derived from
marine microorganisms and altered during early burial diagenesis. We first depict the thermal
maturity range of our samples by conducting equivalent vitrinite reflectance measurements and
Rock-Eval pyrolysis. We then provide a set of 3D reconstructions of the organic porous
networks from each source rock sample using electron tomography with a sub-nanometer
resolution. We propose a complete analysis of these networks in order to provide a detailed
knowledge of their dimensional, structural, and topological parameters such as constriction,
effective porosity, pore coordination, and tortuosity. This approach offers unprecedented
insights into the evolution of organic porous networks with respect to thermal maturity
regarding both structure and topology. Our results demonstrate that thermal evolution mainly
affects the accessibility of the porous networks, which, as discussed, will have implication on
the transport of hydrocarbons. The present porous network analysis hence provides a way to

access the interplay between the topology and physical properties of porous solids.

EXPERIMENTAL SECTION
Organic Geochemistry. An ensemble of five source rock samples from the Vaca Muerta

(VM) formation (Neuquén basin, Argentina) was provided by Total SA. Their organic



chemistry was evaluated by Rock-Eval pyrolysis (Rock-Eval 6, Vinci Technologies) and
equivalent vitrinite reflectance (% Req) using standard organic petrology technique.*® The
vitrinite reflectance values reported in Table 1 evidence the evolution of thermal maturity of
the studied samples in the 0.92 — 1.82 % Req range. Geochemical characteristics such as free
hydrocarbons (free HC), hydrogen index (HI), and oxygen index (OI), confirming this trend,
were deduced from the pyrograms (see the detailed procedure in Supporting Information, SI).%’
The projection of the HIs allows for the estimation of an “onset” hydrogen index (Hlo) of the
source rock formation, which is used to compute the transformation ratio (TRur) of the organic
matter, evolving here from 71.5 to 97.5 % (Table 1). Our set of source rock samples therefore

covers a significant range of thermal maturation experienced by the Vaca Muerta formation.?>26

Table 1. Organic Geochemistry of the Set of VM Source Rock Samples from Vitrinite

Reflectance and Rock-Eval Pyrolysis (See Details in SI).

vitrinite ~ organic TOC free HC HI TRur™ Ol
reflectance solid
density”,
ps
(% Req)  (g/em’) (%) (mg (mg (%) (mg
HC/g HC/g COv/g
TOC)  TOC) TOC)
VM 0.92 1.29 6.08 96.2 170.9 71.5 9.2
sample 1.31 1.42 7.16 76.1 106.0 82.3 8.4
1.45 1.47 8.56 16.6 27.8 95.4 7.2
1.65 1.54 3.56 12.1 20.8 96.5 11.8
1.82 1.59 1.77 11.9 15.3 97.5 27.7

*The organic solid density was calculated form the relation pg = 0.342 X R4 + 0.972, defined

in ref. 38. **The transformation ratio (TRu1) was deduced from a Hlp = 600 mg HC/g TOC.

Sample Preparation. Polished pieces of each source rock sample (Figure 1a) were subjected

to a flux of argon in a flat ion milling machine (1060SEM Fischione) for 2 cycles of 30 minutes



at 5 kV with an incident angle of 5°, followed by 3 cycles of 30 minutes at 5 kV with an incident
angle of 2°. The micro-texture was then imaged by a mosaic of backscattered electron (BSE)
micrographs (Figure 1b) in a scanning electron microscope (SEM Crossbeam 540 Zeiss)
operating with a 20 kV accelerating voltage. Details of these mosaics allowed us to localize
large filamentous agglomerates of organic matter (Figure 1c) within the inorganic matrix of the
source rock samples. The milled samples were then placed in a FEI Helios NanoLab 660
focused ion beam (FIB, Ga® beam) to produce one FIB thin section per VM sample. The
thinning process was conducted down to a thickness of ~ 100 nm to allow electron transparency
in subsequent transmission electron microscopy (TEM) measurements.’* The extraction
procedure was uniformly applied on the filamentous organic matter agglomerates (kerogen)

previously identified (Figure 1c¢), as they constitute the main contributors of organic porosity in

16,17,39,40

source rocks.

Figure 1. Localization of organic matter agglomerates for FIB thin section procedure. (a)
Macroscopic view of the sample VM 0.92 (Vaca Muerta, 0.92 %R.q) under reflective optical
microscope. (b) Mosaic of backscattered electron (BSE) micrographs of the microtexture. (c)
Details of the BSE mosaic displaying an agglomerate of organic matter (OM, very dark grey)
surrounded by inorganic inclusions (Qz: quartz; Ca: calcite; Clays: clay minerals; Py: pyrite).

The dotted white box corresponds to the volume extracted by FIB thin sectioning.



Electron Tomography. The FIB thin sections (10 x 5 um?, Figure 2a) were observed under
a transmission electron microscope (TEM, Jeol JEM-2010) fitted with a LaBs electron gun,
under a 200 kV accelerating voltage, and assisted by the Digital Micrograph software (GATAN,
Image suite® v.2.31). Bright-field imaging of the thin sections (Figure 2b, c) reveals sponge-
like organic matter with pores varying considerably in size and spatial density. Some locations
display isolated macropores (diameter @ > 50 nm, Figure 2b and 1c), while other parts only
contain heterogeneous nano/mesopore networks (@ < 50 nm, Figure 2¢). These nano/mesopore
networks constitute the cornerstone of our approach as, in contrast to the macropores, they are
present in the whole set of thin sections. It is noteworthy that such porosity is nearly unresolved
by conventional imaging and tomography techniques.*!*> The use of electron tomography?’
with a subnanometric resolution is therefore essential for its characterization. The yellow box
in Figure 2c displays a typical location and size of the region of interests (ROI) targeted for

electron tomography experiments.

Figure 2. Heterogeneous porosity of source rock’s organic matter. (a) Mosaic of low-

magnification TEM images showing the whole FIB thin section of an organic matter
agglomerate from VM 1.65. The very dark areas surrounding the thin section correspond to Pt,
deposited to ensure the mechanical rigidity; the dark grey areas correspond to inorganic

inclusions (indicated by a black arrow); and the light grey regions to porous organic matter. (b)



TEM image showing porous organic matter with pores size (@) ranging from few tenths of
nanometers to more than 200 nm. (¢) TEM image displaying a crack in a dense region of
heterogeneous nano/mesopore networks (@ < 50 nm). The yellow dotted box indicates the ROI

considered for electron tomography acquisition.

Electron tomography?’ experiments were carried out in regions of organic matter containing
porous networks with pore sizes less than 50 nm (Figure 3). Tilt series of 2D projections were
recorded with a CCD camera (GATAN, Ultrascan 1000XP) at a magnification of 30 000 over
an angular range from -50 to +50° relative to the electron beam with an angular step of 1°. The
tilt series of 101 2D projections were first aligned (translation + rotation) with a cross-
correlation procedure implemented in the software before being reconstructed in Fourier space
by the weighted back-projection (WBP) method. As the reconstruction procedure generates a
noise affecting the original signal, an image filtering procedure was developed. It relies on the
comparison between a reference image (i.e., the original image acquired at 0°) and the
summation of the reconstruction according to the z direction, on which a filter was applied. We
found that the noise generated by the tomogram reconstruction calculations mainly affects the
intra class variance, i.e., the variation of grey level within a pore, or similarly within the solid
(here, the solid corresponds to the kerogens’ carbon skeleton). A “nonlocal mean denoising”
filter was therefore used to minimize this noise.** The filter parameters were optimized to
maximize the peak signal-to-noise ratio (PSNR, see ref 44) between the reference image and
the filtered one, for each reconstruction. A segmentation of the filtered tomogram’s grey level
histogram was then performed using the “Otsu thresholding” method* to discriminate the pore
network from the solid. This method has already been successfully applied in the determination
of porous networks*® and avoids any user setting choices in the segmentation process as

required by watershed algorithms, which are also largely used.*’” This entire procedure was



applied to the four tilt series of 2D projections acquired on each FIB thin section to account for
the internal variation of pore size and spatial density in the networks (Figure 2). The 20 resulting
segmented tomograms contain stacks of binary images with dimensions (x X y X z) varying

between 245 x 245 x 87.5 nm? and 245 x 245 x 140 nm?, with a voxel size of (0.35)° nm?.

1. ROI selection 2. Tilt series recording 3. XY alignement 4. Tilt axis positioning (X,Y,0)

PR

—50°< 6 <50°; 60 =1°

5. Reconstruction box 6. WBP reconstruction 7. Filtering & Segmentation 8. Structural analysis

Figure 3. Electron tomography workflow allowing for visualizing and analyzing the structure

of the organic porous networks (illustrations from sample VM 1.31).

Structural Analysis. Statistical analyzes were conducted on the 20 binary tomograms to
describe the global, dimensional, and topological characteristics of the organic porous
networks. We specifically determined:

- global information such as porosity (¢, only accounting for pore sizes smaller than 50
nm), chord length distribution (CLD), and specific surface area (S, );

- dimensional information such as specific pore volume (V},), specific mesopore volume

(Vineso ), aperture and cavity sizes distributions;



- topological information such as constriction (f), effective porosity (@.sf), pores
coordination (Z), and tortuosity (7).

These determinations were carried out using the public-domain software iMorph**# and

ImagelJ.*° First, V}, was computed by summing the pore voxels from the binary tomograms, and

the organic porosity ¢ was calculated as

. VotV

14 v (1)
_ 4
=y

where V, is the tomogram volume and V; is the solid volume.

The chord length distribution (CLD) was evaluated by propagating more than 10° segments
of random origin and direction in the pore volume of the tomogram?®3-+>!; hence producing a
histogram of the chord lengths [ intersecting the pores. The first statistical moment of the
normalized frequency distributions, or mean chord length (l), was used as a quantitative

measure of the average pore size. The specific surface Sg, was computed from®!

§ = 4@ )
P ps(l_(p)(l>

where pj is the density of the organic solid phase (Table 1).

There is no uniform pore size value in heterogeneous pore networks. They are therefore
characterized by their pore size distribution (PSD).3!-*24° Here, the PSD was determined from
two distinct approaches: (i) the aperture map computation and (ii) the cavity segmentation. The
first approach starts with the Euclidian distance mapping of the pore network, which provides
the axis of pore voxels placed at equidistance to the pore/solid interfaces. Spheres of increasing
diameters are then propagated from this center axis until they reach the voxels of the solid phase
(solid voxels). The diameter of the largest sphere containing pore voxels without overlapping
with any solid voxels is considered as the pore size.*’ This diameter is called aperture diameter

and is sensitive to the pore accesses, or throats. The volumetric distribution of the aperture
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diameter was used to obtain the PSD in incremental and cumulative histograms, and the specific
mesopore volume V.5, (2 < @ < 50 nm) was calculated from this distribution.

The second approach to establish the PSD is based on a watershed segmentation algorithm.
This method uses the geographical concept of watershed, where a limit is placed between two
catchment basins. These separations are deduced numerically from the distance map, hence
delimiting cells (or cavities) connected by throats. The volumetric distribution of the equivalent
sphere (i.e., sphere having the same volume as the considered cavity) diameter of each
segmented cavity is then plotted to obtain the cavity size distribution in incremental and
cumulative histograms.

The aperture and cavity size distributions obtained from these approaches offer a way to
quantitatively define the constriction . Equation 3, expressed hereafter, was used to account
for the variation of pores diameter between the statistically most significant aperture (h) and

32,35

cavity (H) sizes and characterizes the ink bottle shape at the nanometric scale

)

| =

ﬁ =
With £ a dimensionless parameter ranging from 0 (h << H) to 1 (h = H). This parameter has
been recently identified as crucial by molecular dynamics simulations where the diffusion of
methane molecules in topology displaying important constriction does not follow the nano-
Darcy equation.'” In addition, it has been noted that constricted topologies strongly further
reduce the molecular flow compared to the one with constant pore diameters. Thus, computing
constriction from experiments is key as it constitutes a limiting parameter in the fluid flow, and
thus in gas extraction.
The impact of constriction on the pore network’s accessibility was evaluated by quantifying
the effective porosity @sr: the volumetric fraction of contiguous pores with respect to
increasing opening diameter. Technically, the sum of connected pore voxels was measured for

each opening pore diameter, with an increment of 0.07 nm. This approach is equivalent to the
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exploration of the pore network with a probe of increasing size. At each opening pore diameter
(or probe size) increment, the corresponding effective (or accessible) porosity is recorded. It
allowed us to produce percolation curves and to discern effective porosity, as well as closed
porosity, at different characteristic sizes. Here, we focused on the tomogram pixel resolution
(0.35 nm) and the transition from nanopores to mesopores (2 nm), but any relevant molecular
probe size could be used.
The tomograms were also skeletonized using an iterative thinning algorithm implemented

in ImageJ (Skeletonize 3D — BoneJ; see ref 52) to determine the total number of pore

junctions (n;) and the number of triple (n;), quadruple (n,), and higher (n,) pore junctions.

The average pore coordination number (Z) was calculated from3*

n n n 4
Z=3x—+4x-24+5x-2= @)
n; n; n;
with
ne_ T g ®
n; n; n

Finally, the tortuosity is often considered an essential structural feature affecting the transport
properties in porous media®, as it is analogous to the effective path length followed by the
fluids. Statistical description of the effective path length can, however, be performed in different
ways.>* Here, we generated 150 000 random walkers within the pore networks and recorded
their free travel distance during 4500 iterations. The free distance traveled by the walkers was
divided by the Euclidian distance from their start to end points to compute the tortuosity, here
called random walker tortuosity (t,,,). This approach is often considered to provide a “higher
bound” tortuosity?, which better accounts for the process of molecular diffusion in porous

networks.

RESULTS AND DISCUSSION
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Global Information. The 20 tomograms cover a volume of organic matter free of any
inorganic inclusion. The segmented 3D reconstructions therefore contain two distinct phases:
(1) the solid amorphous carbon skeleton (see refs 9, 12-14 for the numerical representation of
such carbon skeletons); and (ii) the porous networks (with @ < 50 nm). The specific pore
volume V;, (in cm?/g) hence corresponds to the sum of the pore voxels over the mass of the
carbon skeleton, determined from the organic solid density pg of the sample (Table 1) and the
solid volume V; given by the number of voxels of the solid phase. The volumetric fraction of
pore voxels in the tomograms represents the porosity ¢ below 50 nm. Figure S1 shows the
general evolution of specific pore volume (from 0.134 to 0.228 cm?/g) and porosity (from 14.6
to 26.5 vol. %) in the set of samples.

An internal variability of these quantities is noted within each VM sample and is fully
reported in Table S1. Thus, although the average specific pore volume of the VM 1.65 sample
is V, = 0.176 cm?/g, it varies from 0.096 to 0.263 cm’/g on the four different tomograms
recorded. This highlights the internal heterogeneity of the sample and confirms the observations
previously made from the TEM images (see Figure 2 for the VM 1.65 sample). Nonetheless,
the mean values (Figure S1) plead toward a tendency of increasing organic specific pore volume
with thermal maturation.

Regarding these results, one may wonder to what extent the porosity imaged in electron
tomography is representative, compared to the total porosity of the source rock. We confront
our values of ¢ = @_50,m With the total (i.e., the entire source rock sample) nuclear magnetic
resonance (NMR) porosity @ yur, Whose values were provided by Total SA for the same set of
source rock samples, to answer this question. From the known TOC (in wt %) and assuming
the densities of the organic and inorganic matter (porg = 1.3 g/cm? and Pinorg = 2.65 g/em?),

one can compute the volumetric proportion of organic carbon (TOC in vol %). Then, the
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volumetric fraction of organic pores imaged by electron tomography (¢;,m.) can be deduced

from

Promo = (9/100) X TOC (in vol. %) (6)

With ¢ the mean value of organic porosity at a given thermal maturity (see Table S1). We
found from eq. (6) that ¢;,,,, ranges from 0.9 (VM 1.82) to 3.5 (VM 1.45) vol %, indicating
that the porosity of the organic matter probed by electron tomography represents a fraction of

7.5 - 27.1 % of the total porosity of the source rock probed by NMR (Table 2).

Table 2. Total Organic Content (TOC) of the Source Rock Samples and Comparison between
the Porosity of Organic Matter ¢;,,,, Determined by Electron Tomography and the Total

Porosity of the Source Rock Determined by Nuclear Magnetic Resonance @z

vitrinite TOC  TOC organic porosity, total porosity,  @iomo/PNMR
reflectance Promo ONMR
(% Req) (wt. (vol. (vol. %) (vol. %) (%)
%) %)

0.92 6.08 11.66 1.7 13.0 13.1
1.31 7.16  13.59 2.9 13.5 21.5
1.45 8.56  16.02 3.5 13.0 27.1
1.65 3.56 7.00 1.5 10.5 13.9
1.82 1.77 3.54 0.9 12.5 7.5

Indeed, only a small fraction of the pores contained in the source rocks is recorded in the
tomograms, i.e., those contained in the organic matter and whose sizes range from 0.35 to 50
nm. It should be kept in mind that part of the organic porosity is unresolved by our approach,
due to combined constraints of magnification and field of view in TEM. This part of the organic
porosity corresponds to (i) the structural nanopores of the organic carbon skeleton®!>'# and (ii)
the macropores whose large sizes (@ > 50 nm) are more suitable for scanning electron
microscopy (SEM) observations.!®!® Source rocks also contain inorganic pores in a wide

variety of sizes and locations.!®-18:2442.34 They can significantly contribute to the total porosity
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measured by NMR and may have various origins such as internal cracks, spaces between
inorganic particles (e.g. interparticle porosity), or space within inorganic particles such as clay
minerals (e.g. intraparticle porosity). Nonetheless, our approach allows to specifically study the
fraction of organic pore networks directly influencing the sorption and transport properties of
kerogen generated hydrocarbons.

We then established the in-pore chord length distribution (CLD) to further characterize the
relative size distribution of the imaged organic porous networks. Figure 4 displays the averaged
CLDs obtained on the set of VM samples. They show similar general shapes with a slightly
increasing frequency between 0.35 and 2 nm, a slow decrement in the 2 - 50 nm range, and an
abrupt decay beyond 50 nm. Within this general trend, two extremes are observed. They are
distinguished from each other by their relative frequency distribution of nano/mesopores. As
shown in Figure 4, samples VM 0.92 and VM 1.65 present a higher proportion of nanopores,
while VM 1.45 and VM 1.82 contain a greater fraction of mesopores. The mean pore size is
given by the first statistical moment of the frequency distribution, or “mean chord length” (l),
which varies from 4.3 nm for VM 0.92 to 7.1 nm for VM 1.82 (Figure S1). Knowing (1), we
used eq (2) to determine S, and found mean values ranging from 127.5 to 193.4 m?/g (Table
S1). As already mentioned for the specific pore volume, there is a significant internal variation
in the CLD (see inset of Figure 4) and thus S, from the tomograms of a given sample (see

Table S1), reflecting the heterogeneity of the porous network present in the organic matter.
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Figure 4. Mean in-pore chord length distributions (CLD) of the VM samples. Inset: CLDs

obtained on the four tomograms of VM 1.65 showing the sample’s heterogeneous porosity.

This description allows comparing the measured structural properties with those from other
marine sedimentary formations containing type II kerogen. By knowing the TOC of a source
rock sample and applying a procedure to substitute the specific surface area attributed to clay
minerals (provided quantitative mineralogy is available), one can compute the organic matter’s
Ss from adsorption isotherms of bulk rock samples.?® In parallel, a sample preparation
combining acid demineralization and critical-point drying allows for the direct measurement of
kerogens adsorption isotherms that only need to be corrected for the residual pyrite
content.?6>>3 The published values of kerogens’ Sy, as a function of thermal maturity for a
wide range of type II kerogens show that Sy, increases by 1 order of magnitude between
immature (~50 m*/g TOC) and overmature kerogens in the dry-gas window (~500 m?*/g TOC).
2123263536 Table S1 evidence that the Sg, computed from the CLDs on our set of tomograms
agree with the literature. Such global information, however, does not provide specific insights

on the variations of the organic pore morphology and topology.
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Pore Size Distribution. We further analyze the porous networks by the characterization of
their PSD.?!324° We first establish the PSD from the determination of the aperture diameter, as
mentioned in the Experimental Section. We present, in Figure S2, the mean PSDs obtained for
each thermal maturity. Each of these mean PSDs was created by the summation of the PSDs of
the four tomograms acquired at a given thermal maturity (as shown in the inset of Figure S2 for
the VM 1.65 sample). This procedure thus takes the local heterogeneity of these complex porous
networks into account and provides a representative picture of their characteristics. Note,
however, that these PSDs depict only a fraction of the total PSD, as deduced from gas
adsorption isotherms, for instance.?!>* The explanation for this is threefold. First, the pixel-
resolution limit of the tomograms (one voxel = 0.35 X 0.35 x 0.35 nm?) prevents the accurate
detection of nanopores of size smaller than 0.7 nm present in the sample, which would be
probed by CO; adsorption.?! Second, the selected field of view of the TEM results in tomogram
size limited to about 250 nm sideways, which precludes recording macropores usually sensed
by N2 adsorption or Hg intrusion porosimetry.?! Third, the gas adsorption isotherms carried out
on source rocks do not differentiate organic from inorganic pores, the latter, if present, being
ignored by our electron tomography approach. Despite these constraints, related to the size and
resolution of the tomograms, we note a reasonable agreement with PSDs obtained from N»
adsorption isotherms for the mesopore range.?! This explains the general agreement between

the S5, computed from the CLDs on our set of tomograms and the literature !23-26:35-3

Therefore, the specific mesopore volumes V,,,,.,,, corresponding to the cumulated pore (between
2 and 50 nm) volumes per gram of sample, are extracted from the aperture size distributions
(Table S2). The mean values of V., ranges from 0.083 (VM 0.92) to 0.195 cm?/g (VM 1.82)

and shows an upward trend with thermal maturation (Table 3).
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In addition to the aperture size distribution, we also computed the volumetric distribution of
the watershed segmented cavities (see the Experimental Section). The cumulative histograms
of the cavity size distribution as well as those from the aperture size distribution are shown in
Figure 5. From this figure, we deduce that the studied organic porous networks are statistically
composed of large cavities (~ 13.0 - 18.9 nm) connected by small apertures (~ 4.1 - 7.5 nm).
This structural feature, also known as the ink bottle shape, is a potential issue regarding the
interpretation of gas adsorption isotherms. In this regard, it should be noted that the VM 1.82

sample statistically presents larger apertures than the other samples.

100

1 —— Aperture

80 -
60 -
40 -

20

Cumulative porosity (%)

100

Pore diameter (nm)

Figure 5. Cumulative histograms of the aperture (solid line) and cavity (line with symbols) size

distributions of the VM samples (the color code is similar to Fig. 4).

From the distributions shown in Figure 5, we quantitatively define the constriction (f) of
the networks with the relationship given in eq 3. Here, we consider the average aperture (/)

and cavity (H) sizes from

i (3_11:/)1 w; @
(),
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With w being the aperture h or cavity size H. The constriction is thus a dimensionless parameter
ranging from 0 (closed pores) to 1 (pores with constant sizes).’*3> We found that the mean
constriction values vary from 0.31 (VM 1.45) to 0.43 (VM 1.82) (Table 3). All the studied
porous networks hence show some ink bottle shape but to a different degree. The lowest values
would induce morphological limitations for transport processes caused by the narrow opening
of the pores, which will hence create some transport resistance.>? Note that this parameter, as
well as the rest of the topological properties, could be influenced by the elasticity of the carbon
skeleton, which was shown to vary with maturity. Indeed, while mature kerogens are assumed
to be rigid, immature kerogens show noticeable deformation.’” This parameter, however, varies
greatly within the set of studied tomograms (see Table S2), and no specific trend of evolution

with thermal maturity is noted.

Table 3. Morphological Descriptors of the Organic Pore Networks.

vitrinite mesopore volume, aperture size,  cavity size, constriction, 8
reflectance Vneso h H
(%0 Reg) (em?/g) (nm) (nm) -
0.92 0.083 52 14.0 0.37
1.31 0.146 5.5 13.0 0.41
1.45 0.132 7.5 18.9 0.37
1.65 0.102 4.1 13.2 0.31
1.82 0.195 7.4 17.4 0.43

Topology. The impact of the PSD and constriction of these networks on their accessibility to
hydrocarbon molecules is assessed by quantifying the effective, or accessible, porosity @,
We follow the accessibility by plotting the percolation curves of each VM sample with respect
to the opening pore diameter (akin to a “probe size”) in Figure 6a. These curves first allow us
to distinguish between closed porosity (pores isolated from the tomogram faces) and

decreasingly accessible porosity (Figure 6b). We discern effective porosities at different
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characteristic sizes, such as the pixel resolution of the tomograms (0.35 nm) and the transition

from nanopores to mesopores (2 nm). The values of these effective porosities ((p0 351Mm and

@5 f™) are listed in Table S3.
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Figure 6. (a) Evaluation of the effective porosity of the organic porous networks with
increasing opening diameter (or probe size). (b) Closed porosity, inaccessible porosity, and

effective “open” porosities at 2 nm are reported on the percolation threshold of VM 1.82.

All the percolation curves recorded display a strong decay for opening diameters between
0.35 and 2 nm (Figure 6a). This means that the access to the porous network will be reduced
for this molecular size range, and even more so for larger molecules. It will therefore affect the
transport of alkane molecules in this size range, such as methane (d¢y, =0.373 nm) or monomer
(dcy, = 0.395 nm) when dealing with n-hexane for example.'®>® This drop of accessibility is
quite abrupt for the low maturity samples (VM 0.92 and VM 1.31) and slightly more
progressive for VM 1.45, 1.65, and 1.82 (Figure 6a). Hence, the increase of pore volume with

thermal maturation noted on this set of organic porous networks translates itself in terms of

accessibility.
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Numerical studies have previously shown that hydrocarbon transport is dramatically
impacted by the opening size of the porous networks.!® A transition in the transport regime
generally occurs at pore diameters equivalent to five to six molecular diameters (~ 2 nm, in the
case of methane). Below this critical size, the transport is dominated by the interactions of the
molecules with the pore walls, and the intermolecular interactions can be neglected. Molecules
are in a diffusive regime, jumping randomly from a low-energy site to another at the pore
surface. At this scale, a free volume approach can be used to describe the mass transport.'%!2
When pores are larger than this limit (pores > 2 nm for methane), molecules recover some
collective interactions, but adsorption on the pore walls still induce fluctuations in molecular
density and the fluid viscosity depends on the local pore diameter. In that situation (at the
mesoscale), molecules are both in diffusive and convective regimes. Finally, when the pores
are sufficiently large (estimated at ~50 nm in the case of methane), the adsorption of the
molecules with the pore wall becomes negligible (purely convective regime) and the transport
can be described by the Darcy’s law, which is traditionally used to describe mass transport in
porous media at the macroscale. The global, dimensional, and topological information gathered
in the pore size range covered by electron tomography (0.7 < @ < 50 nm) are therefore critical
to study the transport of hydrocarbons in source rocks. From Figure 6, we can define the fraction
of the pore volume accessible at 2 nm (Table S3). This fraction represents from 13.7 (VM 0.92)
to 73.0 % (VM 1.82) of the organic porosity. We conclude that the governing mass transport
phenomenon will, therefore, greatly evolve with the thermal maturation of the studied samples.

The connectivity of such networks is another topological feature potentially affecting the
fluid transport properties. As an attempt to evaluate the connectivity of those networks, we
compute the average pore coordination number Z from eq 5, which is recognized as an
important indicator of the mass transport properties of porous networks.** The mean values of

Z are quite low and range from 3.25 (VM 1.31) to 3.31 (VM 1.82), see Table S3. These values
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indicate that, on average, the cavities are connected to three neighbors, and a marginal increase
of Z may be noted with the thermal maturation. However, the pore coordination number does
not seem to be related to the effective porosity. In other words, it seems that the architecture of
the pore networks does not evolve significantly with thermal maturity, unlike their size
distribution, and it is the latter that influences accessibility and has a major impact on the
evolution of transport properties.

Eventually, the tortuosity of the networks is evaluated by using random walkers, as it is often
considered as a structural computation relevant to mimic transport properties.’> To do so, we
generate a large number of random walkers (150 000) within the pore networks and record their
free travel distance over 4500 iterations. Figure S3a schematically presents the free travel
distance of a random walker between two points of the pore network, which, divided by the
Euclidian distance between these two points, theoretically gives the random walker tortuosity
T,rw- We plot these two distances for the ensemble of iterations performed and illustrate it in
Figure S3b with two porous networks having the lowest (VM 0.92) and highest maturities (VM
1.82). The slope of these distributions should theoretically give their value of 7,,, but, it is
obvious that many mathematical functions could be used to fit these curves. Instead, we chose
to plot histograms of the relative frequency of tortuosity calculated for each iteration step
(Figure S3c). Then, we fit these histograms with a lognormal function whose median value
corresponds to 7,., (Table S3).

Random walker tortuosity may be seen as the more rational value related to actual mass
transport at this scale.** Hydrocarbon molecules diffusing through the porous network are
subject to numerous phenomena such as Brownian motion, slippage, friction, or physisorption
along their diffusive path. With our random walker tracking approach, we determine t,,,

ranging from 1.37 to 2.76 (Table S3). While a general decrease trend of the tortuosity is sensed
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with thermal maturation in our data, an important variation from one tomogram to another
within each VM sample is noted (see Table S3).

Organic-rich source rocks are heterogeneous by nature. Consequently, the results of the
structural analyses performed at the scale of the electron tomograms are subjected to some
caution regarding the representativity of the considered VM sample. Specific care was taken by
selecting representative organic fragments from mosaics of BSE micrographs of the VM sample
(Figure 1), before the acquisition of the electron tomograms. In addition, the organic matter
composing the VM samples is known to be relatively homogeneous, as it mainly derives from
marine microorganisms (type II kerogen). However, a compositional heterogeneity may be
present within a VM sample and affect the geochemistry as well as the porous networks of the
organic fragments. Such local heterogeneity may explain the variation in the global,
dimensional, and topological information presented above.

Nonetheless, our results highlight a noticeable effect of thermal maturation of the VM
formation on the organic pore volume and its accessibility. This geochemical control is

illustrated in Figure 7a - ¢ where the main thermal maturity indicators (Vgq, free HC, and TRy )

are plotted against three different effective porosity measurements ¢, <p2}§]§ "M and @2 f". One

way of interpreting this evolution is to consider that the organic pore network of the thermally
immature kerogen is populated by hydrocarbon molecules covering the walls of the carbon
skeleton. During the thermal increase triggering the maturation, these molecules may either be
progressively desorbed from the walls or undergo a secondary thermal cracking into “gas”
molecules of decreasing size. Both processes will result in a progressive expulsion of the
hydrocarbons molecules from the organic pore networks, which is sensed through the evolution
of the free HC and transformation ratio by Rock-Eval pyrolysis (Table 1). This process
substantially increases the aperture of the pore networks, hence increasing its accessibility. We

further argue that this evolution affects the mass transport properties of the studied porous
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networks. In Figure 7d, we plot the evolution of the random walker tortuosity as a function of
the effective porosity at 2 nm for all the studied tomograms. It allows us to visualize, from a
purely geometrical perspective, the impact of the effective porosity on the transport of
molecules. Here, the significant increase of t,,, concomitant with the decrease in effective
porosity can be explained by the trapping of random walkers in the cavities when their
accessibility is low. This relationship roughly follows the thermal maturity trend except for the
VM 1.65 sample, which shows three of the more inaccessible, and thus tortuous, pore networks.

This variability pointed out along the morphological description, highlights the random and

progressive character of geochemical processes affecting these natural materials.
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Figure 7. Impact of thermal maturity on the topology of the organic porous networks (the color

code is similar to Figure 4). The mean effective porosities (¢, @2 f3f5 mand <p§f’;’”) are plotted

as a function of (a) the Vitrinite Reflectance, (b) the free hydrocarbon content (free HC), and
(c) the transformation ratio. (d) Impact of the effective porosity at 2 nm on the random walker

tortuosity of the ensemble of tomograms.

CONCLUSIONS

The understanding of sorption and transport properties of confined hydrocarbons within the
organic porous networks of kerogen is paramount to predict source rock production. As the
chemical composition of kerogens changes during the thermal maturation induced by
geological burial, its impact on the development of hosted organic nano- and mesopores must
be properly addressed. We hence performed bright-field electron tomography on source rocks’
organic matter of increasing thermal maturities. This approach allowed to numerically
reconstruct the organic pores with sizes ranging from 0.7 to 50 nm, representing from one-tenth
to one-fourth of the total porosity. We document a general increase in pore volume during
thermal maturation, but we also note a sample’s internal dispersion of values. This dispersion
results from the coexistence of mainly nano- and mesoporous locations within the
heterogeneous organic porous networks of a considered sample. Nonetheless, the overall
increase in pore volume is reflected in the evolution of the topological characteristics, such as
the increasing accessibility to alkane molecules revealed by the evolution of the effective
porosity @.rr. We interpret this evolution by a gradual release of hydrocarbon molecules
covering the walls of the carbon skeleton, which substantially increases the volume of the pores
and their opening. This process ultimately leads to a greater accessibility and thus strongly

influences the mass transport properties.

25



Our approach is purely geometric and needs to be complemented with fluid transport
simulations to establish the actual effective transport properties of the organic pore networks.
In nanopores, collective molecular interactions can be neglected due to the strong confinement,
and molecules are in a diffusive regime. In mesopores (in between 2 and 50 nm), collective
interactions are partially recovered, and molecules are both diffusive and convective. Finally,
in macropores (> 50 nm), molecular diffusion is mainly convective and adsorption effects can
be neglected. Determining diffusion coefficients in systems of about hundreds of nanometers
or even micrometers is not yet possible by the sole use of full atom molecular dynamic
simulations, due to the expensive computational time. Other methods such as lattice Boltzmann
method (LBM) or computational fluid dynamics (CFD) cannot be directly used below 50 nm
as the adsorption of the fluid on the pore walls is not considered and where parameters that
originate from collective interactions as viscosity are meaningless. Atomistic simulations are
thus the only way of integrating these effects as discussed in ref 59. This full-atom approach
can then be upscaled using hybrid molecular dynamics and lattice Boltzmann method
(LBM).>%% These approaches would provide more insights into the governing transport

regimes of hydrocarbon production from source rock formation.
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Organic geochemistry

The ensemble of 5 source rock samples from the Vaca Muerta (VM) formation (Neuquén
basin, Argentina) was provided by Total SA. Their organic chemistry was evaluated by
RockEval pyrolysis (Rock Eval 6, Vinci Technologies) and equivalent vitrinite reflectance (%
Req) using standard organic petrology technique described in detail in ref. 1. As the Vaca Muerta
source rock does not contain vitrinite, the bitumen reflectance was measured optically and
translated into equivalent vitrinite reflectance based on the relationship established in ref. 2 and
validated on our set of samples in ref. 3. The resulting vitrinite reflectance values range from
0.92 to 1.82 % Reqand evidences the evolution of thermal maturity of the studied samples. The
organic solid density was deduced form the relation pg = 0.342 X R.q + 0.972, defined in ref.
4. The different peaks recorded along the pyrograms (not shown) and the total organic carbon
(TOC) content were used to compute the fraction of free hydrocarbons (Free HC = S1/TOC x
100), hydrogen index (HI = S2/TOC x 100), and oxygen index (Ol = S3/TOC x 100). The reader
is referred to ref. 5 for the procedure of interpretation of Rock Eval pyrograms. The projection
of the hydrogen indexes allows for the estimation of an “onset” hydrogen index (Hlo) of the
source rock formation, which is used to compute the transformation ratio (TRur) of the organic
matter, evolving here from 71.5 to 97.5 %. Our set of source rock samples therefore covers a

significant range of thermal maturation experienced by the Vaca Muerta formation.
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Table S1. Global information of the organic pore networks.

Tomogram  Vitrinite Specific Pore ~ Porosity, Mean chord  Specific
# reflectance Volume, V, 1 length, () surface area,
Ssp
- (% Req) (cm?/g) (vol. %)  (nm) (m?/g)
1 0.92 0.170 18.0 3.8 179.9
2 0.92 0.138 15.1 4.9 112.4
3 0.92 0.080 9.3 4.9 64.3
4 0.92 0.147 16.0 3.5 170.8
Mean value 0.92 0.134 14.6 4.3 131.9
1 1.31 0.196 21.8 3.7 211.4
2 1.31 0.200 22.1 7.6 105.2
3 1.31 0.150 17.5 4.2 142.3
4 1.31 0.223 24.0 54 166.1
Mean value 1.31 0.192 214 52 156.3
1 1.45 0.206 23.2 12.1 67.8
2 1.45 0.285 29.5 3.5 3259
3 1.45 0.065 8.7 6.7 38.5
4 1.45 0.245 26.5 3.6 270.4
Mean value 1.45 0.200 22.0 6.5 175.7
1 1.65 0.263 28.8 7.8 134.3
2 1.65 0.096 12.8 4.0 96.0
3 1.65 0.187 22.4 2.2 342.5
4 1.65 0.156 19.4 3.1 200.6
Mean value 1.65 0.176 20.9 4.3 193.4
1 1.82 0.249 28.3 6.4 154.1
2 1.82 0.136 17.8 6.1 89.1
3 1.82 0.301 32.4 7.6 158.5
4 1.82 0.226 26.5 8.4 108.2
Mean value 1.82 0.228 26.3 7.1 127.5
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Figure S1. Examples of 3D reconstructions (top) of the organic porous networks (in color)
from the Vaca Muerta samples together with the evolution of the mean dimensional information

as a function of the increasing thermal maturity (bottom).
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Figure S2. Pore size distributions of the VM samples from the statistical analysis of the
tomograms (aperture size distribution). Inset: aperture sizes distribution of each tomograms of
VM 1.65 (color filled area), the summation of these PSDs produced the general aperture size

distribution (solid line).
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Table S2. Morphological descriptors of the organic pore networks.

Tomogram  Vitrinite Specific Mesopore  Aperture Cavity Constriction,
# reflectance volume, V;e50 size, h size, H p

- (%0 Req) (em’/g) (nm) (nm) -

1 0.92 0.097 3.7 11.2 0.33
2 0.92 0.098 6.8 17.0 0.40
3 0.92 0.062 53 12.5 0.42
4 0.92 0.076 4.9 15.4 0.32
Mean value 0.92 0.083 5.2 14.0 0.37
1 1.31 0.112 3.5 10.6 0.33
2 1.31 0.185 8.6 17.7 0.49
3 1.31 0.102 4.4 11.5 0.38
4 1.31 0.183 54 12.1 0.45
Mean value 1.31 0.146 5.5 13.0 0.41
1 1.45 0.199 13.9 29.1 0.48
2 1.45 0.143 3.5 13.0 0.27
3 1.45 0.055 9.0 21.1 0.43
4 1.45 0.130 3.6 12.4 0.29
Mean value 1.45 0.132 7.5 18.9 0.37
1 1.65 0.239 8.1 17.5 0.46
2 1.65 0.062 3.7 10.4 0.36
3 1.65 0.034 1.7 14.5 0.12
4 1.65 0.071 3.0 10.3 0.29
Mean value 1.65 0.102 4.1 13.2 0.31
1 1.82 0.197 6.8 16.9 0.40
2 1.82 0.113 6.4 15.1 0.42
3 1.82 0.264 7.9 18.1 0.44
4 1.82 0.206 8.6 19.4 0.44
Mean value 1.82 0.195 7.4 174 0.43
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Figure S3. Random walker tortuosity 7,,, measurements performed on the tomograms. a/

Schematic of the free distance (red dashed line) travelled by a random walker between two

points (A, B) in a pore and the corresponding Euclidian distance (blue solid line) between these

two points. b/ Random walker free travel distance plotted against the corresponding Euclidian

distances for VM 0.92-1 and VM 1.82-4. ¢/ Relative frequency histogram of the random walker

tortuosities for VM 0.92-1. The median value of the lognormal fit represents the random walker

tortuosities t,,, reported in Table S3.
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Table S3. Topological information of the organic pore networks.

Tomogram  Vitrinite (pg}?]? mmo@zf™ Pore Random walker
# reflectance connectivity, Z  tortuosity, T,
- (% Req) (%) (%) - -

1 0.92 16.5 1.5 3.25 1.90
2 0.92 5.2 4.1 3.27 1.51
3 0.92 2.4 1.1 3.22 1.69
4 0.92 9.1 1.2 3.31 1.79
Mean value 0.92 8.3 2.0 3.26 1.72
1 1.31 20.6 2.6 3.29 2.14
2 1.31 20.6 13.3  3.18 1.49
3 1.31 13.9 1.2 3.25 2.08
4 1.31 22.9 3.6 3.26 1.74
Mean value 1.31 19.5 52 3.25 1.86
1 1.45 20.6 194  3.16 1.26
2 1.45 28.7 8.8 3.37 1.87
3 1.45 1.5 0.7 3.23 1.38
4 1.45 25.6 4.6 3.38 1.84
Mean value 1.45 19.1 8.4 3.29 1.58
1 1.65 28.3 254 324 1.43
2 1.65 8.6 0.6 3.24 2.25
3 1.65 21.2 0.6 3.39 4.61
4 1.65 17.2 0.6 3.26 2.75
Mean value 1.65 18.8 6.8 3.28 2.76
1 1.82 27.3 21.5 334 1.34
2 1.82 14.2 4.5 3.29 1.33
3 1.82 31.7 284  3.33 1.36
4 1.82 25.2 222 3.27 1.43
Mean value 1.82 24.6 19.2 331 1.37
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