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Abstract

Shallow-buried fluvial mudstones are of great digance as potential top seals for natural gas
accumulations in the Zhanhua depression. Four ssmpkre chosen to represent the range of
fine-grained microfacies, from clay-rich to silthi to cemented, and mercury injection capillary
pressure (MICP) porosimetry is combined with ScagnElectron Microscopy (SEM) to
characterize microstructure and pore systems datwdly. The nature of the pore systems that
allow capillary breakthrough and thus leakage, vedse estimated. Pore areas inferred from SEM
data, obtained from representative elementary a(@dsAs), follow a similar power law
distribution to bulk sample MICP within a specifignge, indicating that pores with areas larger
than 16 nn? are well connected. In samples without carbonateecé, pores within the clay
matrix are larger in coarser-grained, siltier saapland there are more pores at the edges of
non-clay minerals; this results from force chaihtagge grains shouldering more effective stress.
With increasing silt content, SEM-visible porositgreases and the contribution of pores between
non-clay minerals grows significantly, while thentbution of pores within clay matrix reduces.
In more clay-rich samples, capillary breakthrougltestimated to occur in pores associated with
the clay matrix; in siltier samples, breakthroughi wccur at lower entry pressures associated
with larger interparticle pores. Carbonate cemetdy a key role in reducing pore space in some
siltier samples by partially filling interparticlpores at (a) the interfaces between clay and
non-clay minerals, and (b) pores between non-clmerals areas larger than®uen?. By filling
larger pores, capillary breakthrough in carbonai®ented samples occurs at relative high entry
pressures through pores in the clay matrix. Howesarbonate cements, generally less than 20%,
are not sufficient to enable silt-rich mudstonedvéxzome effective barriers. Clay content is the

most critical control on mudstone seal capacity.

Keywords
Zhanhua depression; Fluvial mudstone; SEM imadtuge size distribution; Capillary

breakthrough
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1. Introduction

Mudstones, sedimentary rocks with 50% or more aitid clay-sized material with grain sizes <
62.5 um (Macquaker and Adams, 2003), control the retentb fluids in sedimentary basins
(Aplin and Macquaker, 2011). They are targets a®nventional oil and gas reservoirs (Hu et al.,
2019; Meng et al. 2020; Meng et al., 2020) and tzoanding formations and caprocks for
hydrocarbons, hazardous waste storage (Davy eR@0D9) and the subsurface containment of
anthropogenic C@and H (Armitage et al., 2010; Lu et al., 2011).

Some of the general controls on the nature of nonéspore systems have been explored over
many years. Both Yang and Aplin (1998) and Aplid &oore (2016) demonstrated the important
role of grain size distribution as a control ongagize distributions, so that at a given porosity,
finer-grained, more clay-rich lithologies have sierapores. However, the diversity of mudstone
lithology and mineralogy, coupled with the possibibf different diagenetic pathways (Armitage
et al., 2013; Lu et al., 2011), means that careeexled when extrapolating simple grain size-pore
size rules to other geological formations.

The threshold capillary entry pressure that mustvsrcome to allow bulk flow of a non-wetting
fluid into a caprock, depends on three factors: riddius of the largest connected pore throats,
wettability and the petroleum-water interfacialdgem (Downey, 1984). Controls on the origin and
nature and connectivity of mudstone pore systespe@ally of the largest pores, are thus critical
but are only known in a quite general sense. Pypest along with their diverse origins, and
arrangements have different effects on the seahpgcity (Dewhurst et al., 2002; McCreesh et al.,
1991). Matrix-related pores in mudstones, formedobth depositional and diagenetic processes,
range from simple to complex in shape and origim{i#age et al., 2010). In addition, although it
is well established that mudstone porosity deceeasth increasing effective stress (Aplin et al.,
2006), the relative roles of mechanical compactonl diagenesis on pore systems, are still
incompletely understood (Klaver et al., 2012).

In recent years, numerous techniques have beentaseldaracterize pore systems, including:
SEM, TEM (transmission electron microscopy), gas adsmip MICP and NMR (nuclear

magnetic resonance) (Lai et al., 2018; Lai et2019; Mathia et al., 2019). However, different

technologies have their own strengths and limitetidMICP is a quick and widely used technique

3
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(Houben et al., 2014; Klaver et al., 2015), whicbvides a porosity for connected pores of a
given radius or equivalent intrusion pressure atiogr to the Washburn equation (Washburn,
1921). The pore throat size distribution is obtdifirom the intrusion volumes per pressure step.
Gas adsorption (N CO,, CH,) is another widely used fluid invasion technigwdhich gives
information on surface area and pore size disiobu{Mathia et al., 2019; Zhang et al., 2017).
One potential problem is that the information oftai from these techniques are based on
simplified models of tube, slit or spherical-shapedes which are not necessarily appropriate for
fine-grained sediments. In addition, results ofsth@éechniques have rarely been linked to a
detailed description of mineralogy, or texture.

Recent studies have shown that the pore networkbeastudied at nano-scale resolution using
SEM (Desbois et al., 2009; Loucks et al., 2009} Thmbination of Broad lon Beam (BIB) for
high-quality surface preparation and SEM imagingegi access to the representative areas in
shales that can be used to quantify microstruauncepore space. Following the basic principles
of stereology (Underwood, 1970), the 2D area foacin a large representative area is a good
estimate of the 3D bulk porosity. Imaging at higagnification also provides insight into pore
sizes, morphologies, distribution, and cracks cause drying, stress, and sample preparation
(Klaver et al., 2015).

Shallow-buried mudstones play an essential rolthénJiyang sub-basin, as almost 90% of the
proven natural gas reserves occur in shallow Nemges pools (Zhu et al., 2005). In addition, the
formation is also considered as an excellent caeifor CQ sequestration in the Bohai Bay
Basin (Pang et al.,, 2012).The purpose of this imyaison is to explore controls of the pore
network and sealing capacity of shallow-buriedyitilimudstones of the Guantao formation in the
Jiyang sub-basin, with a special focus on pore attarization in samples with different
mineralogical and grain size compositions.

MICP is used to gain insight into the connectedepmetwork to the bulk porosities and transport
properties of the samples. Pore size distributimd pore morphologies of the mudstones are
described quantitatively using a combination of BiBling and SEM imaging of REAs. The pore
size distributions from BIB-SEM and MICP are congshrand the characteristics of pores

associated with individual mineral phases are desdr The nature of the pore systems that
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controls two phase flow are also estimated, arativel roles of mineralogy on sealing capacity

are discussed.

2. Geological background and samples

The Zhanhua depression is one of the four majoredspns in the Jiyang sub-basin, Bohai Bay
Basin (Fig. 1), bounded by the Chengdong uplifthi@ north and the Chenjiazhuang uplift in the
south, with an area of 3610 kr{Shi et al., 2005). It is a duplex half-grabern biésin controlled
by NE-SW and ENE-WSW trending extensional-sheartdawith many low uplifts and
half-grabens that are steep in the north and gemttee south.

The Guantao formation (Ng) sits unconformably omlertying formations and was deposited
from 24.6 Ma, when the depression went into thd-pfisng stage (Shi et al., 2005; Zhang et al.,
2004). The present depth is 1000 m to 1600 m, isccurrently at maximum burial. From top to
bottom, the Ng consists of two members, ldgd Ng (Shi et al., 2005; Zhang et al., 2004). The
lower Ng represents mainly low stand alluvial fans and dedistream depositions, while the
sediments in the Ngare characterised by a transition from braideglastr to meandering stream
deposition (Zhang et al., 2004). The lower,Ngith a thickness of 200 - 500 m, is made up of
thick layers of block conglomerates and coarse sands, intercalated with green and red
mudstones and sandy mudstones. The upperisNgomposed of red, purple, and gray-green
mudstones, sandy mudstones, and siltstone interbetsare richer in clay near the top.
Furthermore, in silt-rich mudstones, the carbomgiteeral content can be up to 26%. The stacked,
coarse sandy gravel rocks in the ,Ngenerally have excellent connectivity, providirigrage
space for deep-sourced hydrocarbons. The uppemwm$brms regional barriers for fluid flow,
whereas the mudstone interbedded with the sandy imrthe Ng act as local seals.

The samples collected are from the;Ng two wells (Fig. 1B-C) and range from clay-rich
mudstone to silt-rich mudstone. X-ray diffractioRD) results show that the main minerals are
clay, quartz, K-feldspar, and plagioclase. Somerisih samples contain varying amounts of
carbonate minerals. Based on the mineral compaosifiur samples were selected for further
detailed study. Samples 1, 2, and 3, with 71%, 4&@6, 30% of clay minerals, deposited in a

floodplain setting, were selected to study the psystems of mudstones with different clay
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content. Sample 4, located at the bottom of a odlarmontains 21% clay minerals and 21%
carbonate minerals (higher than most of the muesiprand was selected to study the effect of

carbonate minerals on the pore system and seatibapa

3. Experimental methods

3.1BIB-SEM

Samples were cut perpendicular to bedding withaaélin order to reveal the depositional and
diagenetic characteristics. Samples were pre-padisising silicon carbide (SiC) and a Gatan 691
Precision lon Polishing System (PIPS) used for mrgmad ion beam milling. Polishing was
undertaken with Ar ions in a vacuum (0.01 Pa) fohdurs (angle 3°, 5 kV, 10-11A) to produce

a high-quality cross-section. To prevent chargifighe sample faces during SEM imaging, all
polished samples were then coated with carbontmtknesses of 15 - 25 nm.

The field emission SEM used for image acquisitisraiSU-70 high resolution analytical SEM
equipped with a secondary electron (SE) detectbackscattered electron (BSE), as well as an
Energy-dispersive X-ray spectroscopy (EDX) dete@& images were acquired for documenting
topographic variation, and BSE images were acquioeddelineating compositional variation.
EDS analyses of specific grains were also conduftiednineral identification. These analyses
and images provided the basic microstructural @&hdlbgic analysis, and to quantify the types
and locations of pores (Loucks et al., 2012; Lualt2019).

In order to obtain statistically significant angbresentative results, the REA for pore analysis was
calculated using a box-counting method (Houbenlet2813; Klaver et al., 2012) based on
mineral composition (following the assumption tpatosity is linked to mineralogy and mineral
distribution). Element maps were gathered on aaeasnd 16 um? with the EDX detector. The
settings for the EDX collection were set at 258 pixel dwell time, and 15 kV accelerating
voltage. The obtained element images were thechetit together and converted to RGB colour
mode mineral maps using AZtec software. Box cognstarted with an area (20 x 20n°)
selected at random, increasing by @fd in x and y directions for every following box. &h
relative contents of different minerals in each laoa calculated by counting the pixel numbers of

different colours. The area, where the individuahtdbution of each phase to the overall
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composition does not significantly change, is coeisd as the REA.

For quantitative porosity analysis, large areasetiaon REA, were selected to be imaged (SE) at
magnifications of 10,000x (sample 2 - 4) or 20,0@Sample 1). SE images were taken at an
acceleration voltage of 15 kV, with a working dista of 15 mm. The overlap was set as 23% to
ensure that the obtained images covered all tleeteel area. Images were stitched together with
the help of Adobe Photoshop software.

Pores are visualised in the SE images, charadldnigéhe gray value pattern of a bright rim and a
dark pore body (Houben et al., 2013). This featoedkes it possible to identify pores with some
automatic methods (such as thresholding, thresigpltliedge detection, and watershed; Hemes et
al.,2013; Hemes et al.,2016; Houben et al.,2014yéd et al.,2012; Klaver et al.,2015). However,
there are also some problems with these automadfhads. As not all pores have a distinct and
continuous boundary, some pores are not fully wesblin addition, the internal grayscale features
of large pores are inconsistent such that largegare divided into a series of smaller pores. For
these reasons, pores were outlined manually. Triknedi pore areas were digitised with
JMicrovision 1.2.7, and morphological parameteramfied for each segmented pore. The
parameters used here to describe pore size andshape include the pore areay{#, pore
perimeter (P), equivalent pore diameteg)oore short axis length (W), pore long axis lénds),

axial ratio (W/L), and circularity @A/P?. These pores are also classified based on their
relationship to particles (Macquaker and Adams,3208nd are classified according to the scheme
from Desbois et al. (2009) and Heath et al. (20The classification divides the pores into
interparticle pores that occur between particlage(P), and intraparticle pores that occur within
particles (intraP). As pores smaller than 10 pixel®out 11 nm and 25 nm in diameter at 20,000x
and 10,000x) could not be consistently and objebtidetected, these pores are not included in
the results. After digitisation, pores were allssified according to the minerals in which they
occur.

To analyse the pore-area size distribution in tkffié mosaics and samples, the pore data obtained
from SEM was plotted as the logarithm of frequesic(®) of a certain pore area ()

normalised by mosaic area.s.) and bin size(® (Klaver et al., 2012).

Ni
bi- Smosaic

=C-: %ore_D (1)
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or alternatively:

log (bi' S:\lniosaia) =-D- 10g(Spore) +109(C) )
where Nis the number of pores with pore argg.3vithin bin b, where bdoubles for subsequent
bins (h = 1 and b= 2h.;), SwosaiciS the area of the mosaic image, D is the powerdgponent,
and C is a constant of proportionality.
3.2MICP
MICP was also carried out to compare with the BBVBbased pore data and to characterize the
porosity and pore size distribution of bulk samplefiCP is a widely used technique for
characterizing the distribution of pore throat siz&f porous materials (Hemes et al., 2013;
Hildenbrand and Urai, 2003; Houben et al., 2014; défaal., 2018; Mathia et al., 2019). The
method assumes that the porous network is repesbdiyt a bundle of interconnected, parallel,
cylindrical tubes (Howard, 1991), and obtains theepsize distribution from the intruded volume
of mercury at each pressure step, using the Washdmquation (Washburn, 1921). Samples were
cut from the drill cores and dried at5Gor 12 h. They were then placed in a sample clligdfi
with mercury in a pressure vessel. The appliedspiresused for intrusion was slowly increased to
30,000 psi, corresponding to a pore throat dianatérnm. The displacement pressure, which is
that required to form a continuous, non-wettinggaehtilled pore network, is routinely used for the
estimation of capillary sealing efficiency of roc{&chowalter, 1979). Threshold capillary entry
pressures for the CHH,0O system are also calculated, assuming a contgte ah 0° and an
interfacial tension of 55.8 mN/m (Busch and Amaritdéhbrand, 2013)
To compare MICP data and SEM data, raw MICP date wenverted into frequencies of pore
throat areas of a certain size; [Ny separating the intruded mercury volume pesguee step by
the size of pore throat diameter equivalent aresnes et al., 2013). The same binning as for

SEM data was also used for power law analysis:

Nr * * %
09(25) =0 foa(Sjma) +I00(C) @
where I\J is the frequencies of pore throats with pore afsgge within bin b, Ve is the total

volume of mercury intruded, ‘Dis the power law exponent, and” Gs a constant of

proportionality.
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4. Results

4.1. Qualitative description of microstructure

Sample 1 is the most clay-rich (71% clay minerasnprising a clay matrix with some 5 - 3
diameter quartz, albite and K-feldspar grains filogt in the clay matrix (Fig. 2A). Samples 2 and
3 are coarser-grained and contain more and langeto(50um) non-clay minerals (mostly quartz)
and much lower clay mineral contents (40% and 2#% i sample 1. As clay mineral content
decreases, the size of non-clay mineral graingasms, and the morphology of non-clay mineral
particles gradually changes from sub-rounded toasgular. In the images, these grains are
touching each other, shifting the fabric from masupported to grain-supported with increasing
amounts of non-clay mineral grains (Fig. 2B-C). b is a coarser-grained sample (grains up
to 70um diameter) with 20% clay minerals and 21% cal(fig. 2D). Carbonate cement occurs
in discrete patches and is usually enriched withige interparticle pores associated with larger
non-clay minerals. Some non-clay minerals floahimittarbonate cement (Fig. 6H).

4.2. Mineralogy and pore mor phology

In this study, similar major minerals were idertifiby BSE and EDX analyses in all four samples.
These are quartz, K-feldspar, albite, and clayaddition, sample 4 also has a relatively high
content of calcite. Insignificant amounts of mi€a-feldspar and anatase were also encountered.
Interparticle pores in these samples include pdresveen non-clay minerals, and pores at
interfaces between clay and non-clay minerals. lahge pores are most commonly associated
with coarser grains in more silt-rich samples, udahg quartz, K-feldspar and albite; they have
characteristic equivalent diameters up to seveiatams (Fig. 4A, and 6A). Typically, a large
number of interparticle pores are located at iate$ between clay and non-clay minerals with
typical areas > 1nnt in the fine-grained sample and up t& b7 in the coarse-grained samples
(Fig. 3G, K, 4E, M, and 5A, I, K).

Intraparticle pores occur within the clay matrixdaparts of the rigid grains. Pores within clay
matrix show similar characteristics, such as eltedjavedge to triangular or crescent shapes (Fig.
3A, C, D, 40, P, and 6l). Although some interpaetjgores in clay can be identified (Fig. 3D), it is
difficult to separate all interparticle and intrajice pores due to the physical size of clay mater

and the magnifications used in this study. Theefgrores within the clay matrix are all
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considered as intraparticle pores in this studsgiltrrich samples, there are large clay matrixegor

(> 300 nm diameter) in areas rich in non-clay mahgrains (Fig. 41, K, 5C, D, E). The equivalent
diameters of intraparticle pores in albites anceKi$pars range from a few hundred nanometres to
several microns (Fig. 3K, 4C, 5G, O and 6C). Thasaparticle pores are elongated to roughly
circular with jagged edges and lobate featureshenininer pore wall. The morphologies of the
intraparticle pores in K-feldspars are strongljuahced by the extent to which the grains have
been dissolved. Pores in less dissolved grains loavevidth/length ratios, while those associated
with more extensively dissolved grains, are round€de intraparticle pores in albites are
generally larger than those in K-feldspars. Porégkinvmica grains are mainly present between
mica lamellae, making these pores very elongatéd smooth pore walls (Fig. 4M, 5M, and 6K).
In the BSE images of sample 3 and sample 4, vaghbinterstratified minerals occur between
the planes of micas (Fig. 2D, 5M, N, and 6K, L)ndiscan results show that the bright minerals
are rich in Fe and less in Si, Al, Mg, and K whempared with adjacent mica. The element
characteristics of the bright areas suggest thatahlorite. As the Guantao formation has never
been buried deeply, the chlorite is probably tredpct of mica weathering.

Besides the pore types mentioned above, crackalsyebserved in these samples, mainly within
the clay matrix (Fig. 3A, E, 4Q, 5Q and 6J). Theglds of the cracks are between several microns
to tens of microns and usually have low axial gtiough edges and sharp thin tips at both ends.
Cracks are thought to have developed during sarmoptang and/or preparation and are not
considered further.

4.3. Representative elementary area

Mineral compositional analysis based on BSE imagas EDX maps show four main mineral
phases in sample 1 (clay, quartz, K-feldspar abied) five in samples 2 and 3 (clay, quartz,
K-feldspar, albite, and mica), and seven in samfleay, quartz, K-feldspar, albite, mica, chlorite
and calcite). Other mineralogical phases, such iaa (for sample 1), anatase, Ca-feldspar, and
minerals that are not identified are classified“@hers” in the determination of REAs. REA
calculations based on mineralogy give the followiegults (Fig. 7): REA = 140 x 14@m? for
sample 2; REA = 160 x 160m? for sample 3; and REA = 230 x 23n” for sample 4. The

mineral contents of sample 1 are stable when tha s¥aches 260 x 260n°. As most of the

10
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pores in sample 1 are relatively small, high magaifon (20,000x) is required to study these
pores in detail. Performing such a high magnifaratimage analysis over such a large area is
exceptionally time-consuming. Considering that fajh quartz and K-feldspar are non-porous
minerals, and (b) the relative contents of clayy-porous minerals (quartz and K-feldspar) and
porous minerals (albite) begins to stabilize at ¥0@00 um?, 100 x 100um? is taken as the
representative area for sample 1. The clay conttwined from EDX are all larger than those
from XRD (20% at most), especially for the samjdd iin clay. This may be partially caused by
the limited spatial resolution of the BSE and ED&tettors (about fewm), and the fact that the
element maps were scanned at a low magnificatido®X) The detailed mineralogy of sub-micron
grains in the clay matrix cannot by accurately sifeed using EDX (Klaver et al., 2012).

4.4, Quantification of porosity, pore size, and pore morphology by BIB-SEM

Single SE images were stitched together, and poree all segmented manually. After
segmentation and classification of minerals, th@gity distribution, and pore shape were studied
and are summarised in Table 1. Cracks and poresvbi#le PPR (practical pore detection
resolution, 10 pixels) were not taken into accadunting the quantitative analysis. Total visible
porosities within REAs ranges from 1.1% - 5.5%. Titinimum pore area identified is about 210
nnt (10 pixels at a magnification of 20,000x) and * 50 nnt (10 pixels at a magnification of
10,000x%), while the maximum pore area varies fr@hrinf to 7 x 16 nnf with the decrease of
clay content. Relatively small pores (3 ¥ 1" nnf) dominate the frequency distributions in all
samples (Fig. 8). However, large pores, which actéor very small proportion of total pores,
contribute significantly to the total pore area.eThontributions of pore areas to the total
segmented porosities are either mono or bi-modhdiributed. In detail, these peaks are located
at ~16 nnf in sample 1, ~8 x £n? in sample 3, and ~3 x 4@nT in sample 4. Sample 2 does
not have a clear peak in its porosity contributigstribution, but rather a wide range of pore sizes
contributing obviously to total segmented poroslty.addition, samples 2 and 4 also have a
secondary peak in their porosity contribution dsttion.

Numerically, the vast majority of pores occur withthe clay matrix (Table 1); however, the
contribution of clay-associated pores to the tptabsity of different samples varies significantly.

For the fine-grained sample (sample 1), pores withé clay matrix account for 90% of the total
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visible porosity. In the coarser-grained samplear(@ 3), pores in the clay matrix contribute 53%
- 45% of the total visible porosity, while in thearsest sample (sample 4), about 34% of the total
visible porosity occurs in the clay matrix. The @age equivalent diameters of pores within the
clay matrix are 106 nm, 127 nm, 135 nm, and 133armsamples 1, 2, 3, and 4. These pores have
an average circularity in the range of 0.34 - Oafft] average axial ratio varying from 0.28 - 0.35.
The proportions of interparticle pores betweenrgramncrease from 0% to 34% with the decrease
of clay content (Table 1). Interparticle pores geeerally large (301 nm, 619 nm, and 1021 nm in
average for sample 2, 3, and 4) and have highlantas (0.49, 0.50, 0.48), and axial ratios (.41
0.42, 0.49). Interparticle pores between clay amh-clay mineral grains (quartz, albite,
K-feldspar, and mica) have diameters of severadiemh nanometres, and low axial ratios and
circularities. The interparticle pores associatdth wguartz, albite, K-feldspar and mica have
average circularities in the range of 0.32 - 0#87 - 0.47, and 0.34 - 0.46, and 0.31 - 0.45 while
the average axial ratios range between 0.25 - @3Q - 0.34, 0.30 - 0.35, and 0.27 - 0.36
respectively. Interparticle pores between calciid alay in sample 4 also have pores with low
axial ratios (0.32 on average) and low circulasit{®.40 on average), with an average diameter of
334 nm.

Albite can be very porous. Pores inside the allbgasbe up to several microns (Fig. 4C, 5G, and
6C) with average equivalent diameters from 151 ar@37 nm (Table 1). The intraparticle pores
of albites are roughly circular, with jagged edgesd lobate features on the inner pore wall. They
exhibit high circularities and axial ratios in trenge of 0.52 - 0.60 and 0.40 - 0.45, respectively
(Table 1). Compared with intraparticle pores initaly intraparticle pores in K-feldspars are
generally smaller in each sample, with averagevadgnt diameters ranging between 118 nm and
158 nm. The pores also have relatively low cirdtiés (0.51 - 0.53) and low axial ratios (0.36 -
0.40). Pores in mica usually have low axial raf@22 - 0.32) and low circularities (0.35 - 0.44).
The presence of chlorite leads to the occurrencenafe, smaller intraparticle pores, and the
average pore size also decreases from 176 nm @&@np 133 nm (sample 4).

4.5. MICPresults

The porosities provided from corrected MICP datavsthe connected porosities are 7.5%, 13.7%,

17.9%, and 15.1% for sample 1, 2, 3, and 4 (Fig), %hich are much larger than those from
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BIB-SEM. Volume porosity distributions, plotted agunction of pore throat size, show unimodal

distributions for samples 1 and 2, and a bi-modkitidution for samples 3 and 4. Major peaks are
found at pore throat diameters < 100 nm in the fiwe-grained samples (samples 1 and 2), and
~150 nm, and ~300 nm for the two coarse-grainedpkam(samples 4 and 3) (Fig. 9B). The

displacement pressures calculated from mercurysitn data are 11.3 MPa, 6.6 MPa, 0.9 MPa,
and 2.7 MPa for sample 1, 2, 3, 4 (Fig. 9C). Tho&slapillary entry pressures for the £H,O

system,are 1.7 MPa, 1.0 MPa, 0.15 MPa, and 0.40ftmamples 1, 2, 3, and 4.

5. Discussion

5.1. Comparison of BIB-SEM and MICP data

Power laws, which have been used widely to desctibesize distribution of grains, pores and
soil-pore interfaces (Dathe et al., 2001; Desboigle 2009; Lipiec et al., 1998), have been
previously applied to describe pore size distriimdi and to compare MICP pore throat
distributions to BIB-SEM pore size data (Hemeslgt2013; Houben et al., 2013; Klaver et al.,
2012). The MICP data show an excellent linear ietahip with log($.re between 3 and 8, and
slopes start to decrease significantly at lggfSless than 3 (Fig. 10B, D, F, H). As mercury
injection can result in a significant compressidrihe sample pore space (Hildenbrand and Urai,
2003) and closure of smaller pores (Klaver et2015), this decrease may also be a function of
the experimental process. For BIB-SEM data, sl@ies decrease at low log(g) values (Fig.
10A, C, E, and G). The position where the slop¢gheftrend line decreases is influenced by the
magnification and thus the smallest pore that @arebolved. The slope of sample 1 start to fall at

l0g(Siord less than 2.9, while the slopes of sample 28, 4 start to decrease at logfg less
than 3.2, indicating the pores with diameter |é&81t40nm in sample 1 imaged at 10,00énd

pores with diameter less than 50nm in sample @n8,4 imaged at 20,000x are not fully resolved.
Neither the BIB-SEM data nor the MICP data canyfuktect the small pores close to their
resolution.

There are notable differences when comparing ad deom MICP and BIB-SEM directly.
However, the MICP and BIB-SEM data do have veryilsinpower law exponents for the pores in

a specific range (red squares in Fig. 10). In sarfippoints with log(R.) values between 3 and
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5.5 from SEM data have similar power law exponerthbse with log(g. values between 3 and

8 from MICP data (Fig. 10A and B). In samples 2n8 4, the power law exponent of points with
log(Syord between 3 and 6 are very similar with the exptshdéom MICP data, with log(se
between 3 and 8 (Fig. 10C-H). The similarity valé@sthe power law exponents based on SEM
and MICP suggests the occurrence of a tube-like petwork (Houben et al., 2014). Areas larger
than 18 nnt in this study are thus well connected.

Mosaic area also impacts the BIB-SEM pore sizeiligion results, especially for large pores. As
shown in Fig. 10C, E, and G, the points of sampl&, 2nd 4 with log(R.) values larger than 6
are all deviated from the line, however, the poants closer to the line with the increase of the
mosaic area (e.g. the point with log{g value of 7 in sample 4 is closer to the line thizat of
sample 3, while the same point in sample 3 is cltien that of sample 2). More points follow the
power law distribution with an increase of mosaieaa The number of pores in samples 2, 3, and
4, obtained from SEM images, with areas betweémt® and 16 nnf, account for 37%, 46%,
and 61% of the pores estimated from the fittedsliffédne incomplete detection of large pores may
be caused by two reasons. Firstly, pores at boiesdaf the mosaic areas may not be fully
detected, which may lead to a significant effectha final result. Furthermore, the results may
also be affected by sample heterogeneity. Evengthhalhe mosaic area obtained from the
box-counting method is representative of mineralnalance, pore data obtained from mosaics
based on REA may still not contain statisticallgnéiicant information for these relatively large
pores, which is affected by the assemblage of ghasti In order to obtain more accurate
information of relatively large pores, more poreithim an area that exceeds the mineral-based
REA should be counted in the future. Since morgelgrores are characterized in sample 4 than in
sample 3, this may explain why the main peak ofdar8 is larger than that of sample 4 in MICP
data, while the main peak in sample 3 is smallantthat of sample 4 in the BIB-SEM data. In
addition, differences between the porosity obtaimg&EM and that by MICP may also be related

to the incomplete detection of these large pores.

5.2. Effect of mineralogy on porosity, pore size distribution, and pore

mor phology
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Samples with different mineral compositions andtiplr size compositions have significantly
different pore characteristics. To better illustrahe impact of mineral composition, the
differences in pore characteristics between saniples 3 (comprising only detrital terrigenous
grains) are first compared, and then the effecadbonate cement is discussed.

Higher contents of silt-grade, non-clay mineralgsgaa switch from a clay matrix-supported to a
grain-supported framework (Fig. 2 A-C). Interacdpetween silt particles change the unimodal
pore size distributions to bimodal pore size disitions (Fig. 9B) (Aplin and Moore, 2016;
Dewhurst et al., 1999). With the magnificationsdigethis study, SEM-visible porosity increases
with decreasing clay mineral contents, and therimniton of interparticle pores to the visible
porosity increases significantly (Table 1 and Higj). The interaction of silt particles also leagls t
stress shadows, resulting in a less compactedneédyix (Philipp et al., 2017; Schneider et al.,
2011), and different pore size distributions. Thgadbtained from SEM show that the power law
exponents of pores within clay, and interparticbegs at the interface between non-clay minerals
and clay matrix in samples 1, 2, and 3, decreaeimgéreasing non-clay mineral contents (Fig. 12
A and B). At the same time, the average diameténexe pores increases (Table 1), indicating that
the pores both within the clay matrix and at thierface between non-clay minerals and clay
matrix, are enriched in larger pores. In additipares within the less compacted clay matrix of
samples 2 and 3 have higher proportions of moreded pores (Table 1 and Fig. 13). The
variations in the degree of compaction of the chaiperals are very similar to the results
calculated by clay packing density (1 - porosity)/ non-clay volume fraction]) proposed by
Bobko and Ulm (2008). Higher porosities and highen-clay volume fractions lead to lower clay
packing densities. This may also explain why SEBble clay matrix porosity does not decrease
with a decrease in clay mineral content (Fig. H9wever, as clay matrices within mudstones
include large volumes of pores which cannot belvesbat the magnifications used in this study
(Dewnhurst et al., 1999; Mathia et al., 2019), thiltvolume of clay matrix porosity is likely to
decrease as the content of clay minerals decreases.

Dissolution has also influenced the porosity ancepgize distribution of the samples. Unstable
silicates, including albite, K-feldspar and micae aubject to dissolution. The contribution of

intraparticle pores within albite can sometimeshiggher than that of interparticle pores between
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clay matrix and albite grains (sample 2 in Tableldiraparticle pores can be as large as several
microns in silt-rich samples (Fig. 4C, Fig. 5G).wyer, the average pore size does not increase
with increasing content of non-clay volume fractidrhe presence of a large number of small
pores is probably the main reason for the decrigadee average pore size (Table 1). Dissolution
pores in albite and K-feldspar have higher cirdtiter and axial ratios (Table 1 and Fig. 13). The
degree of dissolution of albites and the sizeesiiltant intraparticle pores are usually largentha
those within K-feldspar, which may be due to thffedént kinetic rate constants of dissolution
reactions for different minerals (White et al., 2D0Although some albites have undergone severe
dissolution and developed large intraparticle poms a macroscopic level, most of the rigid
grains have not undergone serious dissolution edntraparticle pores are relatively small and
isolated. Thus, the intraparticle pores act morgt@sge spaces rather than flow spaces.
Compared to sample 3, carbonate-cemented samgs lbWwer porosity. Non-porous calcite fills
the pore space, especially large interparticle pdyetween non-clay minerals (Fig. 6F, H),
reducing total porosity. As shown in Fig. 12C, gsim sample 4 with log¢ge values between 3
and 6.2 have a low power law exponent, and theestgrts to fall dramatically when log{Q) is
larger than 6.2, indicating that the presence diaaate cement leads to a significant decrease in
the proportion of large pores with areas greaten tH§ nnf. Although the slope variation may be
related to the insufficient mosaic area, as dissdisgsefore, such a pronounced variation is more
likely to reflect the filling of large pores by cemtation. In addition, the interparticle pores
between non-clay minerals in sample 4 have a lgyggportion of pores with higher axial ratios
and circularities than sample 3 (Fig. 13), whichyrabso suggest that most of these pores are not
affected by cementation. BSE petrography (Fig. d4dws that calcite cementation occurred
before compaction. The paleoclimate during sediatemt of the Guantao Formation transitioned
from early warm and humid to the late-stage drouigklicated by the characteristics of preserved
biota, and mudstone colour (Dai et al., 1994). Memface, eogenetic carbonate cementation in
fluvial deposits is closely related to semiaridratic condition (Morad et al., 1998; Morad et al.,
2010), which leads to lesser cementation of inttigda pores.

The development of contact cements in sample 4 ialsbits compaction by forming a stiffer

framework (Fabricius et al., 2008; Mathia et aQ18), resulting in a pore system within the clay
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matrix with a lower power law exponent and a langeran value of pore diameter (Table 1 and
Fig. 12A). However, the volume of pores at therifistee between clay and non-clay minerals of
sample 4 is smaller than that of sample 3 (Fig, t)ile the power law exponent is higher,
indicating that the proportion of relatively largeres in sample 4 is smaller than that in sample 3
(Fig. 12B). Considering that (a) the pores at titerface between non-clay minerals and clay still
have high proportion of pores with high elongatiansl axial ratios (Fig. 13), and (b) clay matrix
pores have undergone less compaction, it is cem@mtaather than compaction, that is probably

the main cause of the reduction in pore volumewéah clay and non-clay minerals.

5.3. Implicationsfor seal capacity

The displacement pressures calculated from mericinysion of sample 1 to 4 imply that the
minimum pore size diameters that connects to aflow of the non-wetting phase across the
mudstone are about 110 nm, 190 nm, 1340 nm, andn#v¥@espectively. This corresponds to
about 20%, 13%, 6%, and 8%, of the porosity thaildide saturated with the non-wetting phase.
Although the SEM cannot identify extremely smalkgm almost all the pores that provide the
initial connectivity for two phase flow can be obssl by SEM. The proportions of pores, larger
than the critical diameter, in each phase and ttmmtribution to the connected network at the
critical diameter are presented in Fig. 15 B andThe nature of the critically connected pore
network varies significantly as a function of mialegy and grain size. For clay matrix-supported
sample 1, clay matrix pores are the main compooktite critically-connected pore system (Fig,
11) and thus control seal capacity and initial &gk (Fig. 15A). With increasing proportions of
coarser, non-clay minerals, more interparticle pdretween clay and non-clay minerals occur and
exert a stronger control on capillary breakthroagiu the onset of two phase flow. When the
framework becomes grain-supported (sample 3), #pdlary breakthrough is primarily through
larger interparticle pores located between (a) clag-minerals and (b) clay and non-clay minerals
(Fig. 15 B). Only a small portion of clay matrixnes participate in the formation of the network
at capillary breakthrough (Fig. 15 B) and contrébuéry slightly to it (Fig. 15 A). Calcite cements
reduce pore space (Fig. 9 A and 11) and the caletgented sample 4 has a high proportion of

interparticle pores between (a) non-clay minerald ¢) clay and non-clay minerals (Fig. 11).
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However, these pores are not sufficiently connedtedllow capillary breakthrough, so that
breakthrough requires invasion of part of the pityosssociated with the clay matrix (Fig. 15).
This explains the elevated breakthrough pressur¢héocarbonate-bearing silty mudstone. With
increasing cementation, more interparticle poresvéen non-clay minerals, and at interfaces
between clay matrix and non-clay minerals will ieed, so that the formation of a connected
network by the non-wetting phase fluid will requirigher capillary pressures to connect smaller
clay matrix pores. More highly cemented siltstoaeslikely to have higher seal capacities. In the
silty mudstones and fine sandstones of the Gudotawation, carbonate contents are usually less
than 20% and breakthrough pressures do not excdddRg; in this case, carbonate cementation
in the Zhanhua depression is insufficient for thesxks to become effective barriers to two phase
flow.

Overall, clay mineral content is the most importamtrol on the sealing ability of shallow fluvial
mudstone in the Zhanhua depression; carbonate temegtuce porosity but the seal capacity of

cemented siltstone is still low.

6. Conclusions

1. Pore areas inferred from BIB-SEM measurements areraiogically-defined REAs follow
similar power law distributions to MICP porosimetwyithin the range of diameters over
which the BIB-SEM magnification captures the fulire system. At a given magnification,
pores smaller than a given diameter are not imaged,insufficient pores with diameters
above a certain limit may be imaged to generatisstally significant information from a
mineralogically-defined REA. The similar power laxponents indicate that pores with
areas larger than i@nf are well-connected.

2. Higher silt contents cause a switch from matrixgguped to grain-supported frameworks,
and pores between grains contribute more significatio total porosities. Compared to
matrix supported mudstones, pores within the clayrm and pores at interfaces between
grains are larger, while there is also an incregsegortion of pores with high axial ratios
and circularities as a consequence of more efieétixce chains between larger grains. With

the decrease in clay content, capillary breakthnoargd the development of a pore network
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for the flow of the non-wetting phase, changes frpores within the clay matrix, to

interparticle pores.

3. Carbonate cements reduce porosity in more silt-rildstones by partially filling (a)

interparticle pores between non-clay minerals alay, and (b) pores between non-clay
minerals with areas larger than®¥@v’. Cementation of larger pores increases seal dgpaci
locally and means that capillary breakthrough nexguconnectivity of relatively small pores

within the clay matrix. Nevertheless, clay contisnthe most important control on mudstone
seal capacity in the Zhanhua depression, becaubenzde cement is generally less than

20%, insufficient to enable silt-rich mudstonesdtain significant hydrocarbon columns.
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Table 1 Total visible porosity of different samples, and the contribution to the porosity for the differentiated minerals and mineral aggregates.

Area Visible Number of pores Average
Images Contribution to total 80% of pore Circularity Axial ratio
Sample Magnification Imaged porosity Mineral phase detected in mineral pore size
analysed porosity (%) have deg<(hm) (mean) (mean)
(um?) (%) phase (deq in nm)

1 20,000 630 10000 11 Clay (Intra) 5551 (5551) 89.9 106 154 0.34 0.28
Albite (Inter/Intra) 29 (19/10) 0.8 (0.7/0.1) (150/110) (265/128) (0.43/0.38) (0.31/0.27)
K-feldspar (Inter) 61 (61) 1.9 148 181 0.34 0.31
Quartz (Inter) 255 (255) 7.1 145 226 0.32 0.25
Others 14 0.3 / / / /

2 10,000 432 19600 2.2 Clay (Intra) 10235 (10235) 52.7 127 178 0.42 0.31
Albite (Inter/Intra) 965 (435/530) 18.54 (8.1/10.3) (251/237) (367/339) (0.37/0.52) (0.30/0.42)
K-feldspar (Inter) 481 (481) 5.8 (5.8) 216 316 0.39 0.30
Quartz (Inter) 1110 (1110) 13.8 (13.8) 208 309 0.39 0.30
Mica (Inter) 38 (38) 0.6 (0.6) 261 410 0.31 0.27
Non-clay minerals (Inter) 114 (114) 3.21(3.2) 301 391 0.49 0.41
Others 262 5.6% / / / /

3 10,000 960 25600 5.5 Clay (Intra) 22467 (22467) 44.5 135 187 0.49 0.35
Albite (Inter/Intra) 1984 (726/1258) 12.2 (7.7/4.5) (300/177)  (425/249) (0.44/0.55) (0.33/0.40)
K-feldspar (Inter/Intra) 2518 (691/1827) 10.7 (6.0/4.7) (296/158)  (418/222) (0.45/0.53) (0.33/0.40)
Quartz (Inter/Intra) 1345 (1212/133) 11.3 (11.1/0.2) (291/130)  (425/173) (0.45/0.61) (0.34/0.42)
Mica (Inter/Intra) 305 (148/157) 2.2 (1.7/0.5) (362/176)  (544/253) (0.45/0.44) (0.36/0.32)
Non-clay minerals (Inter) 300 (300) 17.9 619 906 0.50 0.42
Others 206 1.2% / / / /

4 10,000 1,200 62500 3.8 Clay (Intra) 26158 (26158) 34.0 133 186 0.47 0.32
Albite (Inter/Intra) 1778 (725/1053) 6.0 (4.2/1.8) (237/151)  (328/213) (0.47/0.60) (0.34/0.45)
K-feldspar (Inter/Intra) 745 (473/272) 3.1(2.9/0.2) (268/118) (364/160) (0.46/0.51) (0.35/0.36)
Quartz (Inter/Intra) 1256 (1004/252) 12.1 (11.7/0.4) (303/124)  (373/134) (0.44/0.56) (0.34/0.39)
Mica (Inter/Intra) 1519 (160/1359) 3.0 (1.1/1.9) (316/133)  (454/179) (0.39/0.35) (0.30/0.22)
Calcite (Inter) 395 (395) 44 334 453 0.40 0.32
Non-clay minerals (Inter) 480 (480) 37.1 1021 1655 0.48 0.49
Others 244 0.5 / / / /

Total pore number corrected for the cracks and pores below the PPR (practical pore detection resolution, 10 pixels)

Axial ratio = W/L; Squared circularity = 4TTA/P2. Where W = Pore short axis length, L = Pore long axis length, A = Pore area, P = Pore perimeter
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Fig. 2 Overview of typical microstructures in BSEoae. Figures A to D correspond to samples 1 to 4, rdsmdyg and
minerals are marked with yellow borders. Abbreviasi used: Qtz=Quartz, Kfs=K-feldspar, Ab=Albite, |€2alcite,
Mca=Mica, Ch=Chlorite.
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Fig. 3. Sample 1: SE and BSE images of common @iimend associated pores.

A. SE micrograph of the clay matrix with pores.BSE image of A. C and D. Enlargement of two paftthe micrograph
shown in A. Pores in the clay matrix can be diviitgd two types: (i) elongated pores between sityilariented clay sheets.
(i) crescent shaped pores in saddles of foldedtshaf clay. E. SE micrograph showing elongatedksravith jagged edges. F.
BSE image of E. G. Non-porous quartz grain embedddtie clay matrix, with interparticle pores ardutihe rim of rigid
grains. H. BSE image of G. |. Non-porous K-feldspéth no obvious interparticle pores at the bougpdatween clay matrix
and non-porous grain. J. BSE image of |. K. Intripi@ pores in albite and interparticle pores kasw clay matrix and albite.
L. BSE image of J.
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Fig. 4. Sample 2: SE and BSE images of common @iimend associated pores.

A. Interparticle pores within a mixture of rigidajns. B. BSE image of A. C. SE image of albite walge tooth-edged
dissolution pores. D. BSE image of C. G. Effecstéss shadowing in silt-rich area, preservingdampres within the clay
matrix. H. BSE image of G. | and K. Enlargementwé parts of the micrograph shown in G, showingltige pores within
the less compacted clay matrix. J and L. BSE imafdsand K. M. Interparticle pores and pores bemweletrital sheets of
mica. N. BSE image of M. O and P. SE images of pwi¢hin the clay matrix. Q. SE image showing amghted crack in clay
matrix and a crack at the rigid particle-clay ifdee. R. BSE image of Q.
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Fig. 5. Sample 3: SE and BSE images of common m@iimand associated pores.

A. SE images showing large interparticle pores magotigid grains. B. BSE image of A. C, D, and Erdeapores in the clay
matrix as a result of less compaction within grsipported framework. F. BSE images of E. G. Largsadution pores in
albite. H. BSE image of G. | and K. Interparticlergs at the edges of quartz and K-feldspar grdiasd L. BSE images of |
and K. M. Mica with very long, elongated pores betw lamellae. N. BSE image of M, indicating someepan mica are filled
with bright minerals. O. Intraparticle pores in &dspar, showing morphologies which change fromggted to rounded with
increasing degree of dissolution. P. BSE image.dPCSE image of the crack in clay. R. BSE imag® of
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Fig. 6. Sample 4: SE and BSE images of common @limend associated pores.

A. Large interparticle pores between rigid graBsBSE images of A and C. C. Dissolution poresliiite. D. BSE image of E.
E. Interparticle pores caused by the incompleteergation. F. BSE image of E. G. Interparticle pdretwveen calcite crystals
and clay, and dissolution pores in albite. H. B8tade of G. I. SE image of pores within clay matdixSE image in a crack
within clay matrix. K. Mica with very elongated g between lamellae. L. BSE image of K.
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Fig. 14. Calcite cementation in sample 4 as se&&ia (A and C) and element maps (B and D).
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Highlights

Pore size distributions and pore morphologies quantitatively analyzed within representative
elementary aress.

Pore system controls on capillary breakthrough estimated.

Effect of carbonate cement on pore systems discussed.
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