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Abstract

Understanding the mechanical response ofcoal to CO2 injectionis akey to determine the suitability of
a seam for carbon capture and underground storage (CCUS). The bulk elastic properties of a coal, which
determine its mechanical response, are controlled by the elastic properties of its individual components;
macerals and minerals. The elastic properties of minerals are well understood, and attempts have been
made to acquire maceral elastic properties (Young’'s modulus) by means of Nanoindentation. However,due
to the resolution ofa nanoindent; the response is likely to be a combination of macerals. Here Atomic Force
Microscopy is used for the first time to give a unique understanding ofthe local Young’s modulus of
individual coal macerals, with a precision of1tonm in bothimmature and mature coals. The results at this
length scale indicate that the mean and modal Young’s modulus values in all macerals is less than 10GPa.
Thermally immature liptinite macerals have a lower modal modulus than the equivalent inertinites. The
modulus response is also non-normally distributed and most likely conform to a gamma distribution with
shape parameter between 1.5-2.5. The modal Young’s modulus ofall macerals increases with maturity, but
not at the same rate, whereby the liptinite macerals become stiffer than the inertinites by the gas window.
The difference between liptinite and inertinite modulus valuesis greater within immature coals than mature
coals. Modelling of volumetric strain under COz injection indicates an inversely proportionate relationship
to Young’s modulus, which suggest that differential swelling is more likely to occur in immature coals. As
such it is preferential to target mature coals for CCUS, as the reaction of macerals at higher maturities is
more predictable across an entire coal seam.
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1. Introduction

As the world moves toward a net-neutral carbon environment, further emphasis has been put on
undertaking carbon capture and underground storage (CCUS). Advances havebeen made in re-purposing
former conventional hydrocarbon reservoirs in; the Norwegian Continental Shelfwith the Sleipner storage

s facility, amongst others (Bickle, 2009; Cavanagh and Ringrose, 2014), the Weyburnoilfield, Canada (Zaluski
et al., 2016, and references therein) and Al Salah, Algeria (Ringrose et al., 2009; Mathieson et al., 2010)
Meanwhile, recoveriesfrom many currentconventional and unconventionalhydrocarbonreservoirs are being
enhanced with COz injection across theworld. This technique hasproven successful in the Permian Basin of
North America, helping to both extract residual oil and offset the carbon footprintofa major conventional

10 oilplay (West, 2014).
Conventionaloiland gasreservoirsmake appropriatelocationsforstorageofCO> underground due to preexisting
knowledge oftheir geological conditions as well as reservoir production data obtained duringthe field’s lifetime.
Deep coal deposits represent another potenital target for storage of supercritical liquid and gaseous COs..
Currently CCUS is actively occurring within deep coal seams within the San Juan Basin, USA (Weber et al,,

2012); Alberta, Canada (Gentzis, 2000); and the Qinshui Basin (Wang et al.,

2016)and Yaojie Coalfield (Liet al., 2013), China.

Coal has a natural CO> storage capacity, with an intrinsic affinity for adsorbing carbon dioxide onto its
porous surfaces, and porosity can be 50 cm®/g (Laxminarayana and Crosdale, 1999). Sorption of CO, into
coalhasbeen widely studied (Liu et al., 2010; Masoudian, 2016; Ranjith and Perera, 2012) with coal seams

oacting as naturally fractured reservoirs, combining both fracture porosity with the natural micro (<10 nm)
and meso (<100 nm) porosity that exists within the coal body itself (Espinozaetal., 2015).

Whilst the effects of injecting supercritical CO2into conventional clastic reservoirs are relatively well

understood, the intrinsic problems with swelling of coals complicates matters greatly. Coals are known to

swell under CO> injection (Levine, 1996; Robertson, 2005), which initially leads to the opening offrac-

5 turesand increased permeability (Pan and Connell, 2007). Further injection leads to atwo fold impact on
permeability. Firstly the increase in CO2 volume causes further swelling opening up fractures increasing
permeability, which is secondly followed by an increasein pore fluid pressure decreasing permeability (Pan
and Connell, 2007;Panetal.,2010).

When attempting to model the impact on coals ofinjecting of CO>, several mechanical properties are

w integral to our understanding of how this poro-elastic framework works. The most frequent mechanical
properties required are Young’'s modulus, Poisson’sratio and bulk modulus (Pan and Connell, 20 07; Palmer
et al., 1996; Shi and Durucan, 2004); all of which can be calculated through mechanical property testing
(e.g. triaxial).

Triaxial measurements of coalYoung’smodulus and Poisson’s ratio are widely variable and are influenced

ssgreatly by pore-pressure and effective stress (Gentzis et al., 2007; Pan et al., 2010; Espinoza et al., 2015),
whilst Alexeevetal. (2004) suggest that triaxial tests undertaken on steeply dipping coals should be done

with anon-uniform stress state, to compensate for the inclined bedding direction. The water content of coal
2



has been observed to affect triaxial and nanoindentation derived Y oung’s modulus greatly (Alexeev et al,,
2004;Zhanget al.,2018b), with increasing water content drastically decreasing coal integrity. Any
swtechniques that helpelucidatethe complex relationships thatexistbetween coalmechanical properties, strain
and permeability must be investigated further.
Triaxial testing whilst keeping eithera constant pore water pressure or constant mean effective stress has
beenusedtoderive thestress/strainandpore waterpressure/strength relationships, allowing for modellingof

these relationships under different CO; injection pressures (Pan et al., 2010; Espinoza et al.,2015). Triaxial

4 results and modelling indicate there is a non-linear relationship between effective stress and strain/ shear
strength. Possion’s ratios have been reported in the region of 0.22 — 0.48 from triaxial testing and sonic
velocities (Zhenget al., 1991; Gentzis et al.,2007; Ranathungaet al.,2016). Reported Young’s modulus values
of coal from triaxial experiments vary drastically, with values appearing to be within the region of as 40-
7oMPareported (Viete and Ranjith, 2006; Ranathungaet al., 2016) for coals with significant water content,
however Gentzis et al. (2007) report moduli as high as 5.07GPa.

Vickers hardness testing is higher resolution than triaxial testing (mm?® rather than cm?) (Figure 1),
ignoring larger cleats and fractures, while the Indentation modulus of individual macerals is an order of
magnitude higherthan the valuesobtained by mosttriaxial testing; Stach et al. (1982) reporting a variation
between 240 — 382MPa on vitrinite. Other Vickers hardness testing on coalsreportan increase

ssin hardness with coal rank and as such carbon content. Microhardness observations from the Vickers test
account for both plastic and elastic behaviour, with coals having a reported microhardness of 20-100
kg/mm? (Hower et al., 2008, and references within), with the hardness associated with vitrinite reported
as 24.5-36.6kp/mm? (Stachetal.,1982).

Higher resolution nanoindentation studies (~ 10sofmicrons®) (Figure1) havebeen undertaken on coals,

soand reporta variety of Young’s moduli and hardness values, between 3.02GPa and 9.04GPa, with many
authorsreported modulus values of4—7GPa (Yuetal., 2018; Borodich et al., 2015; Epshtein et al., 2015;
2016;Zhanget al., 2018b). This variation in moduli accounts fora variationin vitrinite reflectance of 0.4 %—
1.52%Ro. The resolution of nanoindentation is on the order of 1 — 15um®and thus removes the effects of
cleatsandlargerfractures,allowingincreased accuracyinmeasurements ofundamaged

s coal matrix effective modulus.

Obtaininglocal elastic moduli of coaland coal macerals provedto be relatively difficultdue to the size of
some macerals and regular distribution of nanoscale porosity in bothnano and meso-sized pores. However,
technical advances in Atomic Force Microscopy (AFM) in the last few years, now allowincreased insightinto
these properties and enablethousands ofhigh resolution measurements in a timely manner (Figure1). One

700fthe first studies using AFM to understand coal at higher resolutions was undertaken by Li et al. (2020)
using a PeakForce MQNM™AFM. These results indicate a Young’s modulus distribution with peaks at

8GPa, 11GPa and 14GPa, with a bimodal distribution found in one sample, butnormally distributed in
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Figure 1: An indication of the scale in which coals can be analysed by Triaxial, Vickers microhardness tests, Nanoindentation
and AFM. The black box is the area in which a 9x9 nanoindentation grid would be situated. The red box is the area of one AFM

scan within this study, containing over 250,000 measurements.
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others. The occurence ofa bimodal distributionwas assumed to be due to mineral matter, with a softer pure
organic peak and stiffer organic/mineral peak (Lietal.,2020). This represents the first acquisition of
true non-effective,local Young’s moduli ofcoal.
Shale mechanical properties, although not asreadily important on the injection of CO2 in conventional
reservoirs,become important properties ofthe shales that cap most appropriate conventional CCUS reser-
voirs. The mechanical properties of coals and shales are therefore a first o rder control on the feasibility of

CO: injection and long term storage within most conventional and unconventional targets.

AFM has been used for the last 5 years to obtain Young’s modulus results at the resolution required
for coal maceral analysis on shale organic matter indicating a variation from <1GPato ~ 32GPa as well as
identifying a bimodal distribution in organic matter, and a stiffening with maturity (Eliyahu et al., 2015;
Emmanuel et al., 2016; Goodarzi et al., 2017; Li et al., 2018; Khatibi et al., 2018). Here we undertake a

similar approach to identify trends within similarorganic matterin coals.

1.1. Maceral Analysis

Coals and organic rich shales are compositionally made of mineral and organic phases. In coals the
mineral phase is generally less than 50% of the sample by weight. The organic phase in shales tends to be
between1 and 10%ofthe whole rock by weight (Stephen and Passey, 1993; Jarvie et al., 2004).

Organic matter in shales is commonly categorised on provenance (e.g. terrestrial/ marine/lacustrine) or
derived from Rock Eval Pyrolysis (Type I, Type I1, Type I11, Type IV), whereas in coals this classification
differsinthatitis based more heavily ontheorganicprecursor (e.g. cutin, lignin). Whilst it is convenient to
describeorganicmatterin shalesin terms of provenance, shalescan alsobedescribed in terms of precursor.
It may offer insight into the geolocial and geomechanical processesto define the organic matterin shales by
the same classifications as those for coal, more specifically into the three main maceral groups from Stach
etal. (1982).

Liptinite is derived from plant and algal remains rich, in hydrogen. Vitrinite is sourced from hydrogen
lean structural components of plant remains, whilst inertinite is oxidised or biochemically altered liptinite
and vitrinite (O’Keefe et al., 2013). Each of these maceral groups can be further subdivided, however, only
liptinite can be subdivided based truely on precursor material (Stach et al., 1982), whereas inertinite and
vitrinitearemainly divided based on the oxidiser ofthe originial structure and the extent of oxidation. In low
rank coals liptinite macerals are defined by low relief and high fluorescence (Stach et al., 1982; Teichmiiller,

1989). Liptinite hasfourmain subgroups:

. cutinite, derived from leafcuticles which contain abundant fatty acids and waxes used by plantsto
protect fromoxidation;

- sporinite,the remnants of spores and pollen, generally comprisingjust theexine;

- alginite; remnants ofalgal material;
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+ resinite, derived from resins, balsams, latexes, fats and waxes (Teichmiiller, 1989);

- Lastly liptodetriniteis any liptinite maceral that cannot be assigned to any ofthe groups above, mainly
because ofits small size (Stach etal., 1982).

Shales do havesomemacerals that arepresentin coal,but are usually dominated by amorphous organic
matter (AOM), that can occur as layers or granular material admixed into the matrix. Other macerals are
also present within some shales though, alginite is another a key component in some of the most prolific
blackshales (e.g. Green River Shale (Ingram et al., 1983)).

Coalmacerals are generally lessthan 100 pm in size and as such very little effort has been made to study
howthese individual componentsofacoal influence the overall mechanical properties (Borodichetal., 2015).
Itis important to establish whether these structured groups are load supporting. Here we present some of
the first work to classify coal and shale macerals mechanical properties. This provides insight into the

interactionsbetween macerals upon increased stressfrom COz injection and the associated swelling.

2. MethodsandSamples

2.1. Samples and Preparation

Three samples of coal and one of shale were selected for this study due to being rich in a particular
maceral. The paper Coal rich in cutinite, cannel Coal rich in bothalginiteand for the purposes ofthis study
sporinite, New Albany shale rich in alginite and a oal from the Northumberland coal field, rich in both
vitrinite and inertinite.

The paper coal and cannel coal come from the eastern part ofthe Illinois Basin, and are Pennsylvanian
in age. Both samples are associated with the Upper Block Coal Member in Indiana and were likely deposited
in deltaic-fluvial dominated environment (DiMichele et al., 1984).

The Northumberland coal was deposited in the North East of England in the Northumberland Basin
during the Pennsylvanian. This basin formed from subsidence associated with early Carboniferous rifting
and the associated thermal sag (Turnerand Richardson, 2004; Murchison, 2004; Leeder, 1988). The coals
were deposited as part of an alluvial succession with athickness of750m (Turner and Richardson, 2004). The
environment of deposition was a vastalluvial plane fed by sediment from the North and North East, carried
by low gradient rivers to the south and southwest. The prodelta top sediments mainly comprised peat and
other Carboniferous vegetation, which once lithified became the well-known Northumberland Coal seams
used to power Britain for much ofthe 20th century (Turner and Richardson, 2004). Of the coal deposited
in the Pennsylvanian, only the Pennine Lower and Middle Coal Measures are present in Northumberland.

A sample of coal from the Top Plessey seam, which is part of the Pennine Middle Coal Meaures indicated
in (Bullock et al., 2018) has been collected in-situ from the exposed seam at the Shotton Surface Mine,

Cramlington. Reported vitrinite reflectance measurements for this seam are between 1.3-1.6 %R, (Bullock
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Coal Mean Vitrinite Reflectance (%)
Cannel Coal 0.38
Paper Coal 0.39
Northumberland Coal 1.56

Table 1: Mean mesured vitrinite reflectance values for the coals studied from 100 point counts.

etal., 2018), indicating thatthis coalis ofa rank between medium-low volatilebituminouscoal (Stach et al.,
1982).

The New Albany Shale sampleis upper Devonianand comes from a core (543m depth) drilled in Daviess
County, Indiana. The New Albany Shale is Type II kerogen sequence ranging in mature from immature to
post mature (Strapoc et al., 2010). The sample studied has R, of ~ 0.65%, thus representing early stage
thermal maturity (Mastalerzet al., 2016).

Coal samples from the paperand cannel coalwere then crushed and mounted in epoxyresin before being
polished to a flat surface using 0.5um alumina powder (Tayloret al., 1998). The Northumberland coal was
cut perpendicular to bedding and mounted in epoxy resin and polished using the same technique. The
sample of New Albany Shale was prepared as a kerogen isolate slide; initially treated with hydrochloric acid
and hydrofluoric acid to remove carbonate and silicates (Rexer et al., 2014), then filtered through a 1opm

sieve and strewn-mounted on microslides coatedin resin.

2.2. Maceral analysis

Maceral identification was undertaken initially without immersion oil due to the possibility of remnant
oil on the surface intefering with the AFM QI ™analysis. A Leica DM27 00 P™polarising microscope at
400X and 630 X magnification was used to identify the macerals.

Slides were also studied in blue light ex citation following the standard recommendations for epifluores -
cence oncoal polished blocks (Tayloretal., 1998). Once scanned with the AFM, final images ofeach maceral
were taken at 500X magnification under immersion oilfor analysis of AFM scan location.

Vitrinite reflectance was measured on the samples of cannel, paper and Northumberland coal using the
Leica DM27 00 Pat 500X magnification. This was undertaken using reflectance standards at 0.42,0.69and
0.91%R, on 100 individual particles of vitrinite for each coal(Taylor et al., 1998). The mean values are
reported in Table 1 removing any perceived outliers. Vitrinite reflectance measurements were conducted in

accordancewith the method presented in Standard et al. (2014).

2.3. Atomic Fore Microscopy Quantitative Imaging
Atomic Force Microscopy Quantitative Image ™(AFM QI ™) was undertaken on a JPK Nano Wizard 3
in QI™mode (Instruments, 2011). RTESPA -525 silicon nitride tips were selected for this ex perimental set-

up, with a reported working range of <1GPa- ~ 25GPa (Pittenger et al., 2014), however, accurate
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measurements ofup to 30GPahavebeenreported using the previousgenerationofthese tipsby Emmanuel
etal. (2016).

The mechanism of AFM QI ™involves the oscillation ofa tip onto the sample surface by a cantilever at
a frequency below its resonance frequency. The force applied to the sample is set (in this case to 500nN),
and the displacementisinthe order of1-3nm. Thisis measured by a current generated from the deflection
of a laser beamed off the head of the tip onto a photo-diode. The radii of the tips used in this study are
reported to range between 8-12nm, although 10nm was used as the average tip radius for processing of
Young’smodulus data.

One cycle of AFM QI ™scanning is described in Figure 2, in which the tip is brought towards the sample
from a point 150nm away, until a point (b) where adhesive Van Der Waals forces cause the tip to flex onto
the sample surface. Ata point of maximum adhesion (c) a force is emparted onto the sample surface by the
tip. The deflection measured at the point (d) of maximum force (500nN). The extend curve of force vs
deflection is used to calculate the reduced (Indentation) Young’s modulus (E) based the HertzSneddon

model Equation 1 (Sneddon,1965):

F = iE’ R (d — dy)? @)

where R istip radius, F is force applied and d — dp is the displacement.

Each measurement ofload/displacement was made in 6ms. Furtherinformation on the QI ™is avaliable
in “QI"™mode-quantitative imaging with the NanoWizard 3 AFM” (Instruments, 2011).

The AFM QI ™was first calibrated in non-contact mode; a method suggested in the JPK documentation
(Instruments, 2011). In this method the cantilever is flexed, whilst measuring the movement oflazer from
the deflection of the tip, the movement ofthetip is known from the spring constant ofthe cantilever, and this
allows calibration ofthe photo-diode sensitivity. Further calibration is undertaken a by scanning a standard
ofHighly Ordered Pyrolysed Graphite, with a known modulus 0f18GPa. The sensitivity and spring constant
were then adjusted to give areading within a standard deviation of 18GPa.

AFM QI scans were generally 512 X 512 pixelson an area of250um?. A minimum offour scans were
undertakenpercutiniteand sporinitemaceral, which were generally onadjacent areastogivearepresentative
overall distribution of each maceral, with two macerals (eight scans) scanned per coal sample. A total of
twelve inertinite scans were obtained across the three coals-four scans per coal. Due to the larger particle
size of the inertinite (>250um?), a minimum of two not necessarily adjacent scans were collected on each
inertinite maceral, giving atotalofsix inertinite maceralsanalysed. For the same reasonasinertinite, a
minimum of two scans were obtained on the bituminite and cutinite within the Northumberland coal.
Measuring Poisson’s ratio ofcoal macerals at this length scale proves challenging, and as such all Y oung’s
modulus values are reported in Reduced modulus (E'), which is also the case for values obtained from

nanoindentation where Poisson’sratio is unavailable.
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Figure 2: A graphical indication of the process of acquiring an AFM measurement. Initially the tip starts away from the sample
surface (a), once the tip is brought towards the surface of the sample Van Der Waals forces adhere the tip to the surface (b), at
the point of maximum adhesion (c) a force is exerted onto the sample surface, until at a point (d) the preset maximum force is
exerted. At this point (d) the tip is allowed to leave the sample surface. The reduced Young’s modulus is calculated along the
extend curve (red) using the Hertz-Sneddon equation (Equation 1).
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24. Mercury Injection Porosimetry

Pore size distribution and total porosity analysis was undertaken on the samples of coal only using
Mercury injection. This analysis wasn’t undertaken on the New Albany Shale due to the difference in
porosity associated withbulk shale and isolated kerogen. The mercury injection was undertaken at Aberdeen
University, using a Micrometrics Autopore IV 9500. The maximum injection was 30kPa corresponding to
3.7nm. Samples of ~ 2.5cm?® were selected. The data reported here are the mean pore diameter from

intrustion.

3. Results and Discussion

3.1. Coal and Maceral Petrography

In total twelve individual macerals have been scanned using AFM QI ™for this study from three differ-
ent coals and one shale. These roughly fit into seven seperate categories of maceral; immature sporinite,
immature cutinite, immature alginite, mature cutininte, mature bituminite and inertinite (from immature
and mature coals).

The sporinite within the Cannel coal (Figure 3¢,d) is the finest grained ofany of the macerals existing as
fluorescing doubled over structures approximately 10-50um along axis, which either existin clumps or
more occasionally as individual spores. The spores are in general relatively well -preserved. The inertinite
within the Cannel coal is very coarse grained compared to the other macerals present (Figure 3i,j), appearing
generally aslaminated blocks up to 500um alongaxisparallel bedding.

The maceralswithin the Papercoal aregenerally largerthanthe aforementioned Cannel. For example the
cutinite within the Papercoal appear as 100-400pum long and approximately 10-2o0um thicklaminae which
are readily distinguishable under ultra violet light (Figure 3a,b). Similar to the sporinite these liptinite
macerals showlittle evidence for oxidation. The inertinite within the Paper appears as a relatively minor
constituent and similartothe Cannelcoal, appears as large blocks with relatively small amounts ofinertinite
within the matrix ofthe coal.

In contrast, the Northumberland coalhasa very differentappearance to the othertwo coals studied; richer
in vitrinite and inertinite, indicative of a more oxidising depositional environment. The bituminite in the
Northumberland coalappearsasmillimetrelongbandsorientedparallelto beddingandhasalowfluorescence
under UV light. The occasional Sporinite macerals in the Northumberland coal are slightly oxidised and
broken with alow fluoresence. Cutinite macerals within this coal appear as the most fluorescent component
but are much smallerthan the equivalent in the Paper coal. The abundantinertinite within this coal appears

as large bands similar to the other coals but also within the coal matrix (Figure 31).

3.2. Vitrinite Reflectance

Vitrinite reflectance analysis ofthese coals confirmsthe difference in maturity identified by the difference

in fluorescence ofthe liptinite macerals. Analysissuggeststhat The Cannel and Paper coalsare 0.38%and

10
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Cannel Coal Northumberland Coal

b

Figure 3: Photographs of the Coal macerals studied. Photos show cutinite (a,b,e), sporinite (c,d), bituminite (f) and inertinite (g-
1). The left column are from the Paper coal, the middle column from the Cannel coal and right column from the Northumberland
coal.

0.39%R, respectively with the Northumberland coal being significantly more mature at 1.56 %R,. Maturity
analysis wasn’tundertaken onthe New Albany Shale, though resultsfrom other studies on samples from the

same location suggest an approximate R, 0f0.65% (Mastalerzet al., 2016).

3.3. Young’s Modulus of Coal Macerals

The kernel density estimates and the mean and modal values of Y oung’s modulusfor alginite, sporinite,
cutinite, bituminite and inertinite from mature and immature coals are shown in Figure 5. The mean and
modal Young’s modulus values ofthe macerals studied are also givenin Table 2. Due to the resolution of
each measurement (~ 10nm), webelieve thatthis reflects a true local modulusofan individual phaserather
than the effective modulus obtained from nanoindentation. In total alginite, sporinite, cutinite and

bituminite maceralshavebeen analysed fromthe liptinite group along with three different types of inertinite

macerals.

11
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3.3.1. Liptinite Macerals

The alginite in the New Albany Shale is tri-modally distributed, with peaks at ~ 2.5, 4.5 and 5.5GPa.
The reason for this trimodal distribution is likely a reflection ofthe limits of polishing a kerogenisolatein
terms of the smoothness required for AFM. This makes it difficult to adequately differentiate between the
alginite scanned (E=3-7GPa) and the resin in which the particles of alginite are set. AFM analysis of the
resinindicates amodal modulus value of ~5.0GPa. There appears to be very limited research undertaking
AFM onisolated kerogen; which may bedue to the preparation and mounting method for kerogen isolation
not being optimal for AFM analysis. Thereforethe alginite values described hereshall be disregarded.

The two sporinite rich areasscanned in the cannel Coal have the lowest modal and mean Young’s modulus
values of the macerals studied, with modes of 1.1GPa and 1.74GPa, and means of 3.51GPa and 2.86GPa
(Figure 5a). The modal value within the sporinite rich scans also has the highest probability frequency (~
0.245). The cutinite rich scans in the Paper coal have the highest mean modulus values of all macerals
studied (8.83GPa and 9.10GPa) (Figure 5b)., and the largest difference between these aforementionedmean
values, and the equivalent modal value (3.78GPa, and 2.19GPa). The comparably thermally mature cutinite
has a similar mean modulus (8.43GPa), which is the third highest modulus studied, but with a mode of
6.99GPa (Figure 5d)., which is closer to the mean than in the immature equivalent. The modal value of
bituminite is 6.27GPa and a mean of 7.11GPa. This is the second highest modal value within the macerals
measured (Figures5d).

There is a clear trend in reduced Young’s modulus distribution within the liptinite macerals sampled;
with immature macerals being less stiff than their mature counterparts. There is also a generally larger
difference between themean and modal values of E'in the immature sporinite and cutinite macerals, which
is indicative ofanon-normal distribution (Table 2).

When comparing the frequency ofthe distributions ofimmature macerals it is obvious that the sporinite
measured isincredibly homogeneous. In contrastthe cutinite has alarge degree of heterogeneity, indicated in
the difference in modalfrequencies in Figure 5 and appearance in Figure 4. It may be that sporinite is more
homogeneous than cutinite in general, indicative of the mechano-chemical compositional differences. Another
possibility for the difference is the size of the macerals. As already noted the macerals of cutinite in the
paper coal are larger than the sporinite in the cannel coal (Figure 3a,b vs Figure 3c¢,d), which may allow for
measurement of moreinternal heterogeneity within the cutinite, causing amore varied modulus distribution.
Anotherpossible explanation for thisdifferenceis the interaction between mineral matter/groundmass and
the cutinite macerals in the form of mechanical layering. Thereappears to be relatively little mineral matter
(E' > 15GPa) in the vicinity of the sporinite measured in comparison to the different colours and larger
portions of masked out modulus in the immature cutinite scans (Figure 4). This would cause a spread
distribution in the cutinite, as many measurements would be made of cutinite/ mineral matter contributing
to a higher mean modulus valueand alower frequency ofthe modal modulus.

There is clear evidence for a transition in modulus modeand mean values ofliptinite macerals with

12
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Figure 4: A selection of AFM Young’s modulus scans including (a) immature cutininte from the Paper coal, (b) immature
sporinite from the Cannel coal and (c) mature cutinite from the Northumberland Coal. Areas of white in the scans are places

where the reduced Young’s modulus is greater than 30GPa. Itis obvious from both these scans and Figure 5 thatthere is  far
more heterogeneity associated with immature cutinite (a) than either the immature sporinite (b) or mature cutinite (c). 'denotes
from an immature coal, whilst M denotes from a mature coal.

maturity. The bituminite and cutinite from the Northumberland coal have a modal value between twice and
five times greaterthan theimmature sporinite and cutinite. These modal values are also similarto themean
value, suggesting a more gaussian distribution. This most likely reflects a transition in mechanical
properties related to chemical changes in the macerals with maturity. Hy drogen rich macerals are known to
lose a lot of aliphatic and Nitrogen, Sulphur and Oxygen rich Hydrocarbon compounds in the oil window
and becomearomaticdominant by the gas window (Pan et al., 2013), which may be reflected in the stiffer,

more normal distribution exhibited by the Northumberland liptinite.

3.3.2. Inertinite

The inertinite in the cannel coal show two distributions, which are not observed between two different
scans in any of the other macerals. One piece of inertinite has a mode and mean similar to the sporinite
(mode:1.23GPa, mean: 2.36GPa) (Figure 5a).Thesecond distribution, however, is almost twice as stiff and
unlike any of the other immature distributions is approximately normally distributed with a mode of
3.69GPaand a mean of3.60GPa.

The modal (2.49GPa and 3.72GPa) and mean values (4.05GPa and 4.92GPa) for the inertinite within
the paper coal are similar too, albeit slightly stiffer than that observed within the more normally distributed
cannel (Figure5¢). Thereduced Young’smodulusvaluesoftheinertinitesscanned fromthe matureNorthum-
berland coal are larger than the immature equivalent with a modal valueof4.59 and mean of5.87GPa. The
distribution ofthe mature inertiniteappears to be almost normal, although with alimb between 0 -1.5GPa,
where values of modulusin this range are relatively infrequent. This limb appears in a similar region to the
modal value of the Cannel Coal inertinite, which may be indicative of a transformation from immature
inertinite to another more mature form or from the loss of this mechanical element during primary oxidation,
which formedtheinertinite.

A trend ofslightly higher modal values of modulus in theinertinite macerals measured within theimma-
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Coal Maceral Mode (GPa) Mean (GPa)
AFM | s5pm distribution
Immature
New Albany Shale Alginite | 2.91% 3.09% 6.19%
Paper Coal Cutinite 2.97 9.76 9.27
Cannel and Paper Coals | Inertinite | 3.21 3.81 3.72
Cannel Coal Sporinite | 1.35 2.85 3.19
Mature
Northumberland Coal Bituminite | 6.27 6.79 7.11
Inertinite | 4.59 4.62 5.91
Cutinite 6.99 7.81 8.43

Table 2: Modal an mean values of AFM QI™on each coal maceral. *Values of Alginite are affected by the interaction of the

alginite/tip with the resin.

ture cannel coal than the equivalent inertinite in the Paper coal mostlikely represents regular heterogeneities
exhibited between coals of similar maturity, but with differentburial historiesand associated stress fields. It
is unclear as to why these two inertinite macerals have different properties but is mostlikely aresult of; 1)
differencesinthe type ofinertinite (i.e. different source organic matter), 2) different amounts of oxidation

priorto burialor 3) differences in the orientation ofthe maceralregarding any internalstructure.

3.3.3. Trends in Modulus Values

The most obvious trendin Young’s modulus of coal macerals is the aforementioned evolution with matu-
rity, whereby macerals appeartobecomestiffer,more normally distributed and more heterogeneous. Figure
5 demonstrates this trend, with the mode and mean values generally increasing and becoming less separated
with maturity. The frequency ofthe mode also appears to generally decrease with maturity, indicating that
in general the macerals are becoming more mechanically heterogeneous. The exception to this is the imma-
ture cutinite macerals, which have the highest mean modulus and lowest frequency mode. These macerals
are as mentioned previously influenced by mineral/groundmass whichis stiffer than the maceral itself.

A notabletrend is the amount ofstiffening in theliptinite maceralsrelative to the inertinite maceralswith
maturity. The liptinite macerals modal moduliincreases by a factor ofbetween two and five with maturity,
whereas the modal value forinertinite only increases by approximately 42% (Figure 5c., Table 2). The modal
value of inertinite increased by 1.17GPa from the Paper coal to the Northumberland coal, whereas the
cutinite increased by 4.02GPa between the same two coals. This trend indicates that thermal maturity is
almost certainly the main drivein the transition of modulus values and distribution. The inertinite which is
most likely thermally matured or oxidised at surfaceis less effected than the hydrogen rich liptinite macerals.

This may therefore only represent the mechanical ‘'maturation’ with increased burial depth. This changein
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Coal Porosity (%) | Mean Throat Diameter (nm)
Cannel 3.19 6.34
Paper 7.45 16.83
Northumberland 0.88 7.39

Table 3: Mercury injection porosimetry derived total porosity and mean pore radius size values for each coal.

liptinite macerals may be associated with the transition in chemistry from chaotic to an ordered aromatic
structure (Panetal., 2013) along with the same mechanical maturation associated with the inertinites.

It appears from the results obtained here that the macerals analysed show a larger variability than in
previous AFM literature on coals (Li et al., 2020), and are in general significantly less stiff. The modulus
results obtained are closer to thosefound within nanoindentation literature (Kossovich et al., 2016; Zhang
etal., 2018b,a; Borodich et al., 2015). However, it isnot prudent to directly compare effectivereduced Young’s
modulus with local reduced Young’s modulus. The reasons for this are linked to both internal porosity at
length scalesbetween the AFM and nanoindentation measurements (Table 3). This porosity would certainly
decreasethe effective modulus, but would not affect the AFM measured local modulus. Another reason for
cautionin comparing AFM and nanoindentation is the effect of the central limit theorem, which indicates
that the collection of means ofany distribution arenormally distributed(Bauer,2011). As the nanoindenter
measures the mean modulus atalength scale of ~ 25um? any collection of nanoindentation curves should be
normally distributed. However, the actual modulus ofeach component, measured by AFM may be entirely
non-normally distributed. A further analysis of this to attempt to contrast AFM and nanoindentation is
undertakenin Section 3.5.

When analysing for the CCUS potential of a coal it is common to undertake a point count analysis for
the maceral contentofthe coalchosen. Despite this a key methodto estimatethe effects of CO2 injection on
the physical propertiesofcoalsis modelsderived from laboratory based experiments. These modelstake the
coal modulus as a whole but any maceral variability is not accounted for. All modelling attempting to
represent swelling from injection pressure of CO2 uses Young's modulus ofthe coal medium as a key input
(Pan and Connell, 2007;Zhang et al., 2008; Connell and Detournay,2009; Liu et al., 2010; Ma et al., 2011;
Liu et al., 2019). However, the variability exhibited within the macerals analysed is of even greater
importance. The highest modal value of Young’s modulus is more than 500% ofthe lowest modal value. This
isbetween two liptinite moduli (sporinite and mature cutinite), suggesting thatjust knowing the proportion

ofliptinite/inertinite/vitrinite/mineral isn’t enough, the coalsmust be analysed for precursor material.

3.4. Organic Matter Distribution Analysis

Asmentioned akey featureofeach maceral Young’s modulus is the distribution shape. This is reflected
asa transition to a more normally distribution with maturity, shownby a smaller proportional gap between

modal and meanvalues ofYoung’s modulus. Previous studiesusehomogenisation of nanoindentationresults
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to estimate the Young’'s modulus and hardness valuesfor minerals within rock (Bobko and Ulm, 2008; Ulm
et al., 2007; Ulm and Abousleiman, 2006; Liu et al., 2018; Li et al., 2019). This technique is a form of
modelling, whereby the distribution ofthe nanoindenation results is a composite of normal distributions for
each phase multiplied by its respective proportion in the rockindented. Deconvolution is successful due to

the central limit theorem mentioned previously, as the mean ofthe nanoindentation moduli will alwaysbe
normal evenifthe distributions themselves arenot. Deconvolution also works best for phases whose mean

distributions across thislength scale show a relatively small variation and aren’t mechanically coupled with
other phases, therefore producinga sharp noticeable normally distributed peak (Calcite, quartz, pyrite etc.).

However, at higher resolutions or with increased testing, this technique may not be ideally suited as some
distributions trend toward the non-normal. In the coalsand shale studied here the distribution of the organic
matter appears to be non-normal. As such it is important to identify which distribution may be more
appropriateto add to thedeconvolutionmodel for organic matter.

In order to facilitate this, each maceral has been analysed against a set of distributions (Normal, Log-
normal, Gamma) to minimize the error between the proposed distribution and the observed distribution
(Equation 3). The minimization was carried outinitially a by the python based scipy.fitprogram for each of
the distributions shown. The fitted parameters were then used as an initial guess toundertake a single phase
deconvolution, using a method similar to that presented in Bobko and Ulm (2008). The N observa- tions
are sorted and the Experimental Cumulative Density Function(ECDF) is then formed by the Fm ofthese N
pointsusing Equation 2. The ECDF is then minimized for root mean squareerror against a CDF generated
the fitting parameters ofeach ofthe three distributions in order to obtain the minimum error (Equation 3).
The minimization was undertaken using scipy optimize least squares package, which uses the Levenberg-
Marquardt Algorithm, forinformation on this packagereaders aredirected tolea & More (1977).

i 1
Fm (M) = N__ 2N_forie [1;N] (2)

min [(CDF(X ~ N(y, 0)) — ECDF)?]

min [(CDF(X ~ I'(k, 6)) — ECDF)?] "
3
min [(CDF(X ~ LogNorm(y, 0)) — ECDF)’]

Where: u> 0.0
The results of the minimization are shown in Figure 6, which indicate that although no single distribution
matchesthe maceral distribution absolutely. It appears that for sporinite, cutinite (immature and mature)

and Northumberland inertinite the Gamma distribution appears to fit the mostaccurately. Forthe bituminite

ssoand inertinite from the immature coals the Normal distribution appears visually to fit as well as the Gamma

distribution. The Normal distribution appears the best fit for Inertinite from the thermally immature
Cannel and Paper coals. Although it should be noted that some of these distributions (mature cutinite,

mature inertinite, bituminite) appear to be a mixture between Gamma and Normal distributions. The
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Figure 7: The error associated with each distribution. The Gamma distribution has a low error value for each maceral and a
relatively small standard deviation in error. The Lognormal error is high, partly due to the poor fit on Sporinite. This error

indicates that a Gamma distribution is most appropriate to generalise coal maceral Young’s modulus data

Maceral Normal Error | Gamma Error | Lognormal Error
Cutinite' 0.053 0.006 0.015
Sporinite 0.034 0.011 0.149
Inertinite' 0.022 0.020 0.186
Bituminite 0.016 0.018 0.028
CutiniteM 0.018 0.013 0.024
InertiniteM 0.027 0.014 0.022

Table 4: Root-Mean-Squared-Error for each distribution fit for each Maceral. ' denotes from an immature coal, whilst M

denotes from a mature coal

Lognormal distribution, although selected for this comparison due to its visual similarity to some of the
maceral distributions performs poorest out ofall the distributions. Further investigation indicates that the
constraint ofa positive mean (as negativemean Modulus is unrealistic) causes the Lognormal distribution
to lose the fitting capacity for almost all the macerals.

Detailed analysis of Figures 6 &7 and Table 4 suggests thatthe normal distribution used for deconvolution
is less appropriate for immature hydrogen rich macerals, with the highest error values asso ciated with
immature cutinite and sporinite (Figure 6a,b), which have twice the error of fit when compared to the
mature liptinite macerals (Figure 6d,e). The Gamma distribution actually shows the opposite error trend,
whereby the least fit error is associated with the immature cutinite and sporinite distributions 4

Figure 7 displays the error associated with fitting each distribution, which clearly demonstrates that the
Gamma distribution is the most likely fit for the coal macerals analysed. This distribution has a maximum
error below the mean error for the Normal distribution. These findings suggest that any homogenisation
using coal macerals at this scale should be done usinga Gamma distribution. This relationship may assist
in attempts to upscale and homogenise coal Young’s modulus measurements, which in turn may help assist

injection models.
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Figure 8: The distribution of mean values for AFM when analysed at 25pm? increments. This gives a total of 361 mean
measurements for each 50umx50um area. The left of the figure indicates the approximate area of influence forananoindentation
scan 100nm deep, which is a hemisphere of radius ~ 5um. The figure on the right indicates the probability distributions of the
means. Each of the modal values are greater than those in the overall local AFM population (Figure 5), the modal value of the
immature cutinite means is significantly greater than the local AFM distributions indicated in Table 2. n.b. ' denotes immature

macerals, M denotes mature macerals.

Results from the minimization indicate that the shape parameter ais in the range of 1.20 (immature
cutinite) to 2.87 (maturecutinite). A scale parameter (6) is required along with the shape parameter a to fit
the Gamma distribution. The calculated values of 8 range from 1.70 in immature inertinite to 7.26 in

immature cutinite.

Furthermore shale organic matter should be analysed to identify if the Gamma distribution is a better
fit for all organic matter. This may also inform as to whether a Normal distribution is most prudent for

deconvolution of shales at higher resolutions than nanoindentation or if other distributions may offer greater

accuracy.

3.5. Mean Analysis

Inorderto attempt acomparison between the AFM resultsreportedhere and the literature nanoinden-
tation values the AFM scans were analysed to gather mean values acrossa 5 um X 5um areawith a 2.5um
overlap with the adjacent means (dashed line in Figure 8). This upscaling gives a square of similar size to
the 2D zone ofinfluence ofa nanoindent (Figure 8). These arereported in this literature as effective moduli
values with the effective size of 5um.

Figure 8 displays the effectivemodulus distribution acquired from 5 um means for each set of macerals,

indicating a distinct increase in modal value when compared to the overall distribution of each maceral.

Table 2 indicates the modal values for each of the macerals in this format, mean values are the same as
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the mean for the overall distributions. The increase in modal value from this technique is widest in the
immature cutinite where the Young’s modulus increases by more than 325% (2.97GPa to 9.76GPa). The
smallestincrease is ~ 0.5%within the mature inertinite. This increase with 5 um averagingis greatestin
macerals with the the highest degree ofnon-normality (Table 4). This absoluteincrease in coal Young’s
modulus with maturity has been indicated at higherlength scaleswith UCS/uniaxial or triaxial compression
tests by other studies (Panetal.,2013; Morcoteetal., 2010). The increase in modulus observed by AFM is
greater than that observed in literature and may bearesultofthe decreased effectofthe mineral proportion
onthe AFM modulusdistribution. The mineral phasein these coalsis unlikely evolve or stiffen with maturity
to the same extent that the organic matter in coal does within the maturities measured here.

It is noted that these results more likely represent the appearance of macerals at higher length scales,
which isindicated by Figure 8. This increasein modal modulus is to be expected considering the distributions
will conform to the central limit theorem (Bauer, 2011). Thisis due to each ofthe distributions being most
similar to a gamma distribution with a mean greater than the mode, which will combine to a normal
distribution with a mode closeto the mean ofthese distributions.

The effective modulus distributions are generally normally distributed with the exception of alginite,
and inertinite. As mentioned previously there is significant interference between the alginite and the resin
encapsulating it, which explains the bimodal distribution ofthe 5 pm distributions. It does however appear
that there are more than one phase within both the mature and immature inertinite. This is particularly
interesting as there is little to no groundmass in these scans due to the particle size of the inertinite. A
primary reason for this also couldbe the difference between two individual maceralsofinertinite, however,
two individual macerals were scanned of both immature cutininte and sporinite and resulted in a normal
distribution.

The effective modulus distributionsofthe mature coal fit closerto the distributions acquired by Li et al.
(2020), which are at a similar length scales, albeit somewhat softer than the modulus values obtained in
that study. Their study also implies that the average modulus ofthe ‘mineral’ content ofa coal, most likely
quartz, pyriteand clay minerals havean average Young's modulus <20GPa, which appears to be unlikely.

The effective modulus distributions of organic matter appear to be within the ranges of those stated
within nanoindentation the literature (Yu et al., 2018; Zhang et al., 2018b, 2017) (Figure 9), although
slightly lower than some values. The reason this could be; the difference in maturity between the samples
analysed here and those in the aforementioned literature, orthe influence of mineral inclusions which may
bolster the effective Young’s modulus at the length scale of nanoindenation, which are masked out in this
form of AFM due to being stiffer than the tip used. If mineral matter wereto be a major contributing factor,
then the increased porosity measured atnanoindation would decrease modulus readings by similar amounts.
Results of nanoindentation from Kossovich et al. (2016); Zhang et al. (2018b,a); Borodich et al. (2015) give
modulusvalues ofcoal between 3-9GPa, which are within the ranges exhibited here (Figure 9), suggesting

that this averaging technique may be applicable to upscale modulus values from AFM length scales to
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Figure 9: A comparison of the mean distributions of AFM from this paper with nanoindentation values from other literature, at
the maturities measured. The means of the AFM distributions are within the range of literature values acquired from
nanoindentation at the maturities measured. The mean of the immature cutinite may be marginally above the literature reported

but is most likely due to the interaction with mineral matter/groundmass.

Nanoindentation length scales in simplistic three phase systems (maceral, porespace, mineral matter).
Itisnotalways prudent to furtherupscalethese AFMresults to theregion oftriaxial experiments due to
the formation ofcleats and fractures within the coal,which are not analysed by the AFM.However, Gentzis
etal. (2007) found static Young's moduli values of between 1.1-5.1GPa with no pore pressure and Poisson’s
ratios ofbetween 0.26-0.48.The equivalent Young's moduli values of our maceral means when analysedwith
Poisson’sratios of 0.26 are 2.97-8.65GPa and with v= 0.48 are 2.45-7.14GPa, which although slightly stiffer

than the triaxial values arenot significantly different.

3.6. COz Injection Modelling

The difference in modulus values within a single coal is crucial when investigating the deformation
potential with regards to COz, as open phase fractures may readily form due to the differential swelling
associated with different macerals. Figure 10 indicates the swelling associated from injection of gas using
the Pan and Connell (2007) model ofgas injection (Equation 4) and the standard inputs acquired by Levine
(1996) (Table 5). The modal values of each distribution were chosen as the Young’s modulus within this
model. The simulation wasundertakenusinglow pressure and a Langmuir adsorptionisotherm, and assuming

isotropicelasticbehaviour.
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Results ofthis modellingapproachindicate that thelinearstrain exhibited in a maceralis directly linked
to the Young’'s modulus, indicating that open fractures may occur between macerals of different moduli.
These open fractures may either assistin the percolation of CO2 through the coal during sequestration, or
cause seepageinto pre-existing fractures causing unwantedleakage. The increasein modal Young’s modulus
at higher length scales affect the strain associated with injection in immature macerals. In particular the
strain associated with the local modal value of Cutinite three times greater than that if the cutinite is
modelled from the effectivemodulus of 5 micron squares (Figure 10). This possible increased stiffening of
coal at microscopic (nanoindentation) length scales may cause misinterpretation regarding strains from CO;
injection.

Figure 5 indicatesthat the modal Young's modulus values increase in all macerals with maturity. This
increase in modulus represents a decrease of approximately 30% in linear strain in the Pan and Connell
(2007) model with maturity (Figure 10. The increase in liptinite maceral modulus is even more significant,
with the modal values increasing from 1.35/2.97GPa in immature coals, to >6GPa in the bituminite and
cutinite of the Northumberland coal. This represents strains 2-4 times greater than that observed in the
immature sporinite and cutinite macerals compared to the mature bituminite and cutinite macerals under

the Pan and Connell (2007)model.

E=RTLIn(1+BP) B f(x v)— 2 (1 - 2v)
Eq B

S

Where : (4)

[2(0 = vs) = (1 + ws)exI[3 — 5vs — 4(1 — 2vs)ex]
(3 — 5w)(2 - 3¢x)
The results ofthis modellingapproach differ to the experimental approach undertaken by (Mastalerz et

f(x, %) =

al.,2009) onthe cannel and papercoals analysed within this paper. Mastalerz et al. (2009) indicate strains
of between 0.42-1.05%. The differences in result are likely due to a combination of different length scales
used: maceralsin this study vswhole coals in Mastalerz etal. (2009),the need to update to macerals specific
Langmuir inputs for the Pan and Connell (2007) model, and the higher maximum injection pressure in the
experimental procedurethan used in this study.

The overall outcome of injection modelling at a maceral scale further indicates the need to undertake
detailed coal petrology priorto injection design. The juxtapositionofdifferent macerals could eitherlead to
opening of micro-fractures through differential swelling, enhancing permeability or expansion into the
currently established fracture network, causing a net reduction in permeability. Itis most likely that both
will occur during injection, but the nanomechanical properties of the different macerals will cause these
deformations to occurwith differenttemporal andspatial resolutions. Asthe bestoutcome forinjection into
the subsurfaceis a predictableone,itis prudentto choosetarget stratathat arethermally mature dueto the
limited variation between modal values of Young’s modulus across different macerals, and their more

normal distribution. Thisis further reflectedin the similarity ofthe proportional strain exhibited by these
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Figure 10: Gas injection pressure comparison with linear strain generated on each of the coal macerals using the Pan and Connell
(2007) model and data from Table 5. The modal value of modulus was used to compute the results The strain related to each
maceral from CH4 (a), CO2 (b) indicates thata lower Young’s modulus causes greater linear strain upon injection. (c) and (d) are

CHs and CO: injection into the macerals defined by their effective Young’s modulus modal values (Table 2) from the 5um mean
analysis.

24



500

505

510

515
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T 295(K) Temperature || p 1.3(gem™®) Coal Density
R 8.314(J mol™K™) Ideal Gas | Es Table 2 (GPa) | Coal Young’s
Constant modulus
L 1.257,1.488 (molkg™) | Langmuir X 0.5 Diameter to
Constanst length ratio
of coalsam-
ple
B 0.294,0.953 (Pa™) c 1.2 Pore struc-

ture model

constant
P 0-5(MPa) Injection Vs 0.372 Coal Pois-
Pressure son’s Ratio

Table 5: The inputs used for the Pan and Connell (2007) model for equation 4 taken from Pan and Connell (2007); Levine
(1996)

macerals in Figure 10.

4. Conclusions

Cutinite, sporinite, bituminite and inertinite macerals were analysed for reduced Young’s moudlus using
Atomic Force Microscopy. Cutinte, sporinite were tested from immature Paper (0.31%R,) and Cannel
(0.35%Ro) coals originating from Kentucky and Indiana. Kerogen containing abundant alginite was analysed

from the early thermally mature New Albany Shale (0.65%Ro). A thermally mature (1.56%Ro) coal from the

Northumberland coalfield containing cutinite, bituminite and inertinite was also analysed.

The reduced Young's modulus ofthe liptinite and inertinite macerals areless than 10GPa, and are found
to be non-normally distributed. The liptinite macerals fromimmature coals have thelowest reduced Young’s
modulus, with modal values between 1.4 — 3.0GPa. The equivalent inertinitesin each coal have a modal
modulus of(1.4 — 3.4GPa). The Young’s modulus ofalginite appears to be influenced by the encapsulating
resin in which a kerogen isolate slide is traditionally mounted. It appears that kerogen isolation is an
unsuitable techniqueto prepare samples for AFM testing. There is a generaltrend of stiffening with maturity
in all macerals. However, this is greatly exaggerated in the hydrogen rich macerals. The modal modulus
valueofcutinite increases by 135%, in comparison inertinite only increases by 40 %;

Analysisofthe modulusdistributions acquired fromeachmaceralshow a degree ofnon-normality. The
immature liptinite macerals are the leastnormally distributed, with the matureliptinite maceralsbeing the

most normally distributed. Distribution matching indicatesthat a Gamma distribution is the most likely fit

25



520

525

530

535

for organic matterlocal Young's modulus in coals. This advancement allows classical deconvolution models
to be adapted to accountfor these different length scales.

When upscalinglocal Young’s modulus values to a 25um? area indicate a significant increase in Y oung’s
modulus is observed due to the inherent shape of the Gamma distribution, causing the mean value to be
greater than the modal value in all macerals. The modalvalues across each maceral after this homogenisation
processrangebetween2.9GPa in immature sporinite to 9.8GPa in immature cutinite. These values fall within
therange of previously observed Young’s modulus values ofnanoindenation on coal. Therefore this simple
homogenisation model represents an effective method ofupscaling in mechanically homogeneous systems
with only three main phases (maceral organics, mineral matter, porosity).

The modal Young’s modulus values obtained in this study have been applied to the numerical Pan and
Connell (2007) model, with all other attributes remaining standard from Levine (1996). This modelling
approachindicates a direct inverse relationship between reduced Young’s modulus and adsorption related
strain. As suchthe maturity related relationships mentioned previously are also inverse to strain, whereby an
immature maceral is likely to swell morethan a mature maceral. Swelling ofthe macerals can either enhance
porosity by creatingopenmicrofractures where macerals strain relative to the mineral groundmass, or reduce
porosity by filling of cleats and existing fractures within the coal decreasing overall permeability. Athigher
maturities the difference in strain between inertinite macerals and liptinite macerals is less pronounced.
Homogeneous mature coals therefore require muchless sophistication whenmodelling, than a sy stem with

many differentially swelling components, and most likely reflecta more favourable CCUS target.
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