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Abstract

Mineral occlusions in cleats are known to considgraeduce coal permeability. Sequential steady
state core flooding experiments with aqueous hydooic acid (HCI) solutions were conducted on
whole core samples from the Bowen Basin, Austratiaassess the effect of mineral dissolution on
core permeability. Cleat minerals were charactdrisg scanning electron microscopy with energy
dispersive x-ray spectroscopy (SEM-EDS). Generdlg, cleats contained kaolinite and carbonates
which were present in various proportions as eislirggle phases or mixed. An immediate increase in
permeability was obtained after HCI was floodedbotiyh for the majority of tests. This increase
coincided with heightened concentrations of Ca &edin the effluent and is attributed to the
dissolution of acid soluble minerals, mainly cadciind siderite. In some cases the increase in
permeability was very high (200 times increase) ansdtained whilst in other cases there was a
gradual decrease after the initial increase, respib either a small overall increase in permegbdf
about 20-30% or a decline in permeability relativehe original level of about 20-30%. A possible
reason for permeability decline is that althougbsdiution of minerals allows more liquid into the
core, it is not enhancing flow paths, i.e. resiits to flow in the cleats still exist. Another sea
could be destabilisation of insoluble minerals, stag them to become mobile fines in the liquid
which migrate toward restrictions in the flow amen jam. High and sustained permeability increases
are attributed to cleats containing solely caldite addition to having high connectivity. This
investigation has shown that cleat demineralisatising HCI can be an effective means to overcome

low permeability provided cleat connectivity andhemialogy are characterised.

1 Introduction

Since 1996, the production of gas from eastern rAlisthas risen from 1 PJ to around 457 PJ/a in
2014-15 (DNRM, 2016). The majority of the gas vii# exported to meet the strong global demand
for LNG. Assuming a coal deposit contains gas,kitye determinant for the rate of productivity from

that deposit is the permeability of the coal, dmel natural cleat system in the coal plays the psima
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role in dictating permeability (Flores, 2014). Ermeability is low, the most common intervention
applied to coal seams is hydraulic fracturing whinlolves injecting a fluid containing sand paiil
into the formation at high pressure in order toseathe formation to crack and to deliver sand ih&o
cracks. The fluid flows back and the sand actspasppants” that keep the newly formed fractures
open. The fluid itself can be solely water or cantain a variety of chemicals aimed at structuthmey
fluid and assisting delivery of the sand (King, 2p1

There were early signs that hydraulic fracturingngsgel-based fluids was problematic for coal.
Traditionally, fluids would be laden with a linegel such as guar. Puri et al. (1991) observed a
substantial and irreversible decrease in perméalitien coal was treated with these gels. The reaso
was considered to be sorption induced swellinghefdoal matrix and possibly also plugging of the
cleats. Other chemicals, in particular surfactantse found to be particularly detrimental. A camce
when fracture stimulating a coal seam is doingvarsible damage to the flow paths. High stress,
cleating and low Young’s Modulus in coal can leacomplex and inefficient fractures compared to
conventional reservoirs (Olsen et al., 2007). Tieation and transport of fines due to shear faibare
reduce the frac conductivity and thus coal permigabiShear failure of coal during horizontal
completions can lead to reduced well productivitye do reduced permeability and fines generation
(Palmer et al., 2005). Any stimulation method mtrst to retain the structural integrity of the
formation and ensure flow paths remain open.

The natural cleat system that exists in coal cquinvide a ready-made opportunity for increasing
permeability. Recent investigations have discusisedise of graded proppant injection for stimutatio
of the cleat network (Khanna et al., 2013, Keshaearal., 2014). Low permeability in coal seams has
often been attributed to the presence of highlyemalsed cleats which may occlude fracture porosity
(Laubach et al., 1998, Faraj et al., 1996, Hanlet2810, Dawson and Esterle, 2010). Cleat de-
mineralisation by acids may lead to an increasgéat connectivity and/or the creation of additiona

flow channels that lead to an overall increasecimzability (Turner et al., 2013).

There have been many studies on the use of adtisaeatments to enhance the permeability of
conventional sandstone and carbonate reservoirsaiex acidisation (Hartman et al., 2003, Buijse e
al., 2004, Alkhaldi et al., 2010, Fredd and Fogl#898), though applications specific to coal
permeability enhancement are limited. Vasyuchk@®88) studied the influence of agueous HCI (2, 4
and 6%) solutions on the permeability of coal underied hydrostatic loading conditions.
Permeability enhancement from less than 0.1 mDvép ©5.1 mD was observed during flooding with
6% HCI and permeability increase was similar relgasi of HCI concentration. Enever et al. (1994)
examined the effect of HCI on heavily mineralisedlocore samples and found highly variable results
with the majority of samples showing an increasegirsg from 2 - 1265 times the original

permeability, though permeability reduction waoalbserved.



This paper attempts to elucidate the physical dremical mechanisms occurring when coal cores
from the Bowen Basin are treated with HCI in cdoodling experiments and, consequently, identify
situations leading to increases (or decreases2nmgability. The intention is for the acid toatr¢he
near wellbore region and surrounding cleat strectarallow a greater flow rate of gas from the oute
regions which have not been affected by acid treatmTherefore, the acid is not expected to come
into contact with the vast majority of where methds held and therefore not influence methane
desorption directly. The acid treatment may altex surface properties of the coal and therefore
influence relative permeability behaviour, howevtlnis is expected to be vastly overridden by a
substantial increase in permeability afforded byaeal of minerals within cleats.

2 Experimental

2.1 Core sampling and preparation

A variety of cores from the central and southernvBo Basin (Australia) were obtained from
vertically orientated wells. The core samples wemmediately vacuum sealed and stored at 4°C prior
to inspection. A number of sub-samples were sealeftten each whole core sample for core flooding
experiments. Sections (> 50 mm length) were brqiaallel to the bedding plane and encapsulated in
a flexible polyurethane resin approximately 3 mickiusing a custom manufactured Teflon mould.
Parallel core ends were formed by hand-sanding maunting procedure filled in surface fractures
and provided a smooth surface for application afialaconfining pressure within the Hassler core
holder and also prevented fluid leakage. Bulk vaumas measured by liquid displacement prior to
polyurethane encapsulation. Pore volume (PV) waasored by vacuum saturation in 4% KCI for 48

hours. Porosityd) was then calculated by dividing PV by bulk volumelditional properties of core
samples used are summarised in Table 1.

Table 1. Properties of core flooding samples.

Well Sample Depth D L ()]
(m) (mm) (mm) (%)
A Al Pit-mined 75.20 72.78 10.47
A2 Pit-mined 75.20 68.89 9.41
A3 Pit-mined 75.20 77.81 5.33
B B1 1247.04 76.20 81.81 2.34
B2 1246.96 76.20 60.55 3.28
B3 1249.83 76.20 79.81 2.65
cC C1 1272.02 76.20 76.37 8.46
Cc2 1272.12 76.20 72.00 6.47
C3 1287.82 76.20 74.96 4.62
C4 1287.88 76.20 63.34 4.16
D D1 288.76 76.20 79.04 13.32




2.2 Cleat mineralogy characterisation

Scanning electron microscopy and energy dispespeetroscopy (SEM-EDS) was used to determine
the relative abundance of cleat minerals in careding samples. Cleat minerals were carefully thke
out from core samples using a scalpel and moumet?d6 mm diameter pin type mounts with carbon
tabs. A low-vacuum JEOL6460LA environmental SEMhwEDS was utilised for all analyses.
Backscatter electron (BSE) images were taken fregions of interest, where grayscale intensity
variation indicated different elemental compositidinerals were then identified according to their
EDS spectra and atomic percentage to form a seantijative cleat mineral survey for each core

sample.
2.3 Core flooding experiments

The core flooding rig setup utilised for permedbiineasurements is shown in Figure 1. The primary
components include a high pressure Quizix QX600@pYChandler Engineering) for pore pressure
control, a Hassler core holder (Core Laboratories), Enerpac P-141 hand pump for confining
pressure control and Equilibar back pressure régulfor outlet pore pressure control. Vacuum
saturated cores were mounted inside the Hasslertemider and radial confining pressuee)(was
increased to 20 bar. Inlet pore pressutg é&nd outlet pore pressufg,) were set at 10 bar and 8 bar
respectively, thereby maintaining a constant pressiiop of 2 bar and an effective stresg) (of

approximately 11 bar, wherelby is calculated by:

oo aem (B22) @

Permeability was calculated by Darcy’s Law:

B 4QoulL 2
~ wD%(P, — Py)

whereQ, is the liquid flow ratey is viscosity,L is core length anf is core diameter. The constant
effective stress was necessary to prevent fluikiblge around the core circumference during flooding.
As minerals dissolve from within the cleats thifeefive stress could be sufficient to cause pdrth®
coal matrix to move into the volume that has beeated from the mineral dissolution, and therefore
alter the cleat network arrangement. The propengity this to happen may depend on the
configuration of the cleat network. The liquid flaate will change as changes occur to the sample
during acid treatment, and a change in liquid flate will register as a change in permeability, if.e
liquid flow rate increases, permeability increasiése permeability is therefore a bulk property o t

core. Instead of recording the permeability asrection of time, it was recorded as a function & th



number of pore volumes to pass through the corerevpore volume (PV) has the unit of ml. The

environment temperature for all experiments wasiantlat 22°C.

Sequential core floods with 4% KCI followed by 1%H% KCI (hereafter known as KCI and HCI
respectively) were completed to obtaandk, respectively, and a permeability enhancement facto
calculated by, /k,. A background concentration of 4% KCI was usethanHCI stimulation fluid in
order to prevent (or greatly reduce) the influeotelay swelling (Chen et al., 2013). Fluid switgso
from KCI to HCI occurred when KCI permeability heehched steady state, defined by a permeability
change of less than 1% over 1 PV. Liquid samplagwegularly extracted from the core holder outlet
and analysed via inductively coupled plasma optcaission spectroscopy (ICP-OES) with a Varian
Vista Pro to determine the extent of de-minerdlisaversus number of pore volumes. Only the major
metal ions were included in the core flooding graplisplayed in the results section. For samples
where on-line sampling of the core holder outles wat available, elemental concentration of thelfin

effluent solution following both KCI and HCI floodgas instead reported.
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Figure 1. Core flooding rig.
3 Results

3.1 Cleat mineralogy

A summary of the major, moderate and minor/traeatchineralisation types found in each core is
shown in Table 2. Major corresponds to mineral$ #ha the dominant phases in the cleats. Moderate
corresponds to minerals that are significant baitdooninant and minor/trace corresponds to minerals

that are present in small quantities. These messane to be used as a guide given only a limited
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number of samples were taken. In addition, sampke® only taken from the exterior surfaces and
may not fully reflect the minerals within. Variablguantities of clays, carbonates, sulphates,
phosphates and oxides were observed including:iriol(Al,Si,Os5(OH),), illite/smectite, pyrite
(Fes), apatite (CgPQy)s(F,CI,OH)), anatase (Ti{ ankerite (Ca(Fe,Mg,Mn)(C{), siderite
(FeCQ), calcite (CaC@) and barite (BaSg). Figure 2 displays the four types of cleat mitisagion
morphologies observed in SEM images, including:nf@jed layer clay and carbonates; (b) single
large aperture (> 10@m) calcite or barite filled fractures; (c) clay dioant cleats with minor
carbonate or barite phases; (d) mixed layer cldigure 3 shows SEM images of the minerals taken

from the cores.

Table 2. Relative abundances of minerals observed witiercteats or primary fractures of core

samples.
Sample  Majors Moder ates Trace
Al Kaolinite Pyrite Apatite, Anatase
A2 Kaolinite Pyrite Apatite, Anatase
A3 Kaolinite Pyrite Apatite, Anatase
B1 Kaolinite ) Sulphate (Ca, Fe, Mg)
B2 Kaolinite () Sulphate (Ca, Fe, Mg)
B3 Kaolinite, lllite Ankerite, Siderite Anatase
C1 Kaolinite, Calcite Smectite (K) lllite (K)
C2 Calcite, Barite lllite (K), Kaolinite Smectit&)
C3 Calcite, Barite lllite (K), Smectite (K)Barite
C4 Calcite, Barite lllite (K), Kaolinite Smectit&)
D1 lllite (Fe) ) Siderite
a Carbonate b Calcite, Barite

Clay _— _02mm

Smectite

Carbonate, Barite

Clay Kaolinite, Tllite _02mm

Figure 2. Cleat mineralisation morphologies observed iregamples, (a) Mixed-layered carbonate
and clays; (b) Whole calcite or barite; (c) Minarfzonates and barite mixed with dominant clay; (d)
Mixed-layered kaolinite, smectite and illite clays.
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Figure 3. Backscatter electron SEM images of core and matimeralogy, (a) pyrite crystals (Py) in
kaolinite (K) mineralised cleat (Al); (b) kaolini(K) filled cleat with anatase (Ti) impurities and
minor chlorite (Ch) matrix mineralization (Al); (kpolinite (K) platelet with embedded anatase (Ti)
and pyrite (Py) (A2); (d) kaolinite (K) and minopatite (Ap) matrix mineralization (A2); (e) mixed
layer kaolinite (K) and ankerite (An) (B3); (f) nea layer siderite and kaolinite (B3); (g) mixedday
calcite and barite (C1/C2); (h) mixed layer ill{t€) (I-K) and barite (Ba) (C1/C2); (i) mixed layer

calcite (Ca) and kaolinite (K)/illite (I-K) (C3)j)(calcite (Ca) and kaolinite (K) cleat mineralizat
(C4); (k) illite (Fe) (I-Fe) and minor siderite (Bekinlets (D1); (I) increased magnification of i@y
highlighted in (k) (D1).

The cleat mineralogy in samples A1-A3 was kaoliditeninant mixed with moderate levels of pyrite
and minor levels of apatite and anatase. Pyrite prasent as a distinct phase of varying size
embedded between kaolinite platelets (Figure 3a 3a)d Similar anatase morphologies were also
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observed (Figure 3b and 3c). Apatite was detectetthe matrix of the coal rather than in the cleat

mineralogy (Figure 3d).

Sample B3 contained mixed-layered kaolinite ancedtd¢siderite. The ankerite/siderite was observed
as clearly defined layers adjacent to the kaolipiegelets (Figure 3e and 3f). The dominant cation
(Fe-Ca-Mg) within the ankerite carbonates variedsoderably.

Samples C1 and C2 were adjacent samples. The ekpose surface following breakage of C1 and
C2 samples revealed multiple cleat orientations,géaaperture cleats containing predominantly
calcite and minor barite were identified. Small&zats containing mixed-layered calcite and barite,
and mixed barite and illite (K) were also identifi@Figure 3g and 3h). Samples C3 and C4 were
adjacent samples taken from a deeper section ofvdle Cleats in C3 were clay dominant and
contained varying quantities of mixed-layered kaitdi and illite. Mixed-layered kaolinite/illite (K)
and calcite was also observed (Figure 3i). Phopdgraf the exposed inlet and outlet face of C4 are
shown in Figure 4. A major cleat in C4 was caliled and also contained minor kaolinite (Figure
3)). This cleat ran at right angles to many otheats at the inlet that were predominantly compased

mixed-layered illite (K)/smectite and trace bar{dgher fractures were barite filled only.

D1 contained few cleats and those that were visildee only sporadically mineralised with illite (Fe
containing minor siderite veinlets, as shown inuFgy3k and 3l.

Major Illite (K),
inor Barite

Calcite

Calcite, minor |
Kaolinite

20 mm Kaolinite
I

Figure4. Photographs of C4: (a) core inlet and (b) cordéetut

3.2 Core flooding experiments

A summary of the experimental results is shownabl& 3. The experimental data for each core flood
is presented and described in the following sestidn-situ liquid analysis of the effluent solution
during KCI and HCI floods is also included. Thisf@lowed by a discussion of the mechanisms
controlling permeability change.



Table 3. Summary of core permeability after K&,j and HCI floods k)

Sample kg k4 kq/kg
(mD)  (mD)
Al 0.7154 0.6026 0.84
A2 1.1748 0.9935 0.85
A3 0.0456 0.0358 0.79
B1 0.1050 0.1282 1.22
B2 0.6539 0.7940 1.21
B3 0.0056 0.0042 0.75
C1 0.0955 0.2220 2.32
C2 0.0296 0.0198 0.67
C3 0.3819 04731 1.24
C4 0.2718 56.25 206.95
D1 0.8581 0.9477 1.10

321 Al-A3

Figure 5 shows the permeability vs number of P\e&cted during core flooding of Al using 4% KCI
followed by a mixture of 1% HCI/4% KCI. Permeabilistabilises at approximately 0.72 mD using
KCI. When HClI is injected there is an initial abtupcrease and decrease before reaching a peak just
above 0.75 mD. The peak corresponds to the pres#nCea and P in the effluent. This suggests that
the apatite is dissolving. Following the peak, pealyility progressively declines to 0.60 mD such tha
the calculatede, /k, was 0.84, or a 16% decrease in permeability. Tédirte in permeability
matches the decline in concentration of Ca andtRareffluent, however, the concentrations of Ad an

Si in the effluent increases over the same periidufe 6), suggesting that some of the kaolinite
dissolves. The initial abrupt increase and decr@agermeability upon injection of HCI was due to
entrainment of air within the inlet fluid line dag fluid switchover.

The steady state KCI permeability for A2 was appr@tely 1.2 mD (Figure 7). Following injection
of HCI the permeability initially increased slightbut then gradually decreased to approximately 1.0
mD, a 15% decrease from the original value. Thiilteis similar to that found for Al. Dissolved
elemental concentrations in the outlet solutiotofeing the complete KCI and complete HCI floods
are shown in Table 4. There is an increase in ¢leld of Ca, Fe, Mg, Na, P and S. Again, this
suggests that apatite is dissolving. The levelaladnd Si in the final effluent are not high. Iti®t
known what the levels were during flooding.

The permeability of A3 in KCIl was very low and dteded at approximately 0.046 mD (Figure 8).
Permeability immediately declined during HCI inject, reaching a plateau of approximately 0.036
mD with increased HCI injection. Overall calculated k, was then 0.79. Table 4 shows an increase
in the levels of Al, Ca, Fe, Mg, P and Si. Thisuteg similar to that found for A1 and A2, suggdegt
that dissolution of both acid soluble minerals &adlinite is occurring.
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Figure 5. Permeability change of Al during flooding with 4€€1 and 1% HCI/4% KCI.
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Figure6. Al and Si concentration during flooding of core With 4% KCI and 1% HCI/4% KCI.
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Figure 7. Permeability change of A2 during flooding with 4€€1 and 1% HCI/4% KCI.
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Figure 8. Permeability change of A3 during flooding with 4€€1 and 1% HCI/4% KCI.

Table 4. Elemental concentration (mg/l) pre and post Ha@bdling of A2 and A3.

Core  Pre/Post Al Ba Ca Fe K Mg Mn Na P S S

A2 Pre 11 0 129 23 19047 13 0 11 1 3 5
Post 12 0 226 79 18631 24 1 24 131 23 10
A3 Pre 18 0 139 7 20820 34 1 146 O 48 17
Post 307 1 1086519 21527 51 2 27 374 15 161
322 Bl-B3

The permeability of B1 using KCI reached a steddyesvalue of approximately 0.11 mD (Figure 9).

Upon injection of HCI, there was a spike in the @amtration of Ca, Fe and Mg in the effluent and
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permeability gradually increased to a maximum d#40mD. The concentration of these elements in
the effluent decreased with increasing HCI injectibhe permeability also decreased slightly to 0.13
mD, giving an overall permeability increask, (ko of 1.22). The levels of Al and Si in the final
effluent were low at 5 and 13 mg/l, respectiveljthaugh not detected by SEM-EDS, it is likely that

ankerite was present in the core samples and déestol

Permeability for B2 was initially 0.65 mD and, sianly to B1, increased gradually to a peak value of
approximately 0.79 mD during HCI injection (Figut8). A spike in Ca concentration in the effluent

corresponded to the increase in permeability. lis tase there was no observed decline in
permeability. Given the high concentration of Ceoreed (1200 mg/l), it is strongly suspected that
calcite is present in the sample and that it diesol Although carbonate minerals were not found on
the surface of B2, they were found on sample B3¢hvivas taken from a few metres lower than B2.
k,/ko for B2 was similar to B1 at 1.21. The levels ofakld Si in the final effluent were low at 5 and

4 mg/l, respectively.

The permeability for B3 was considerably lower thtaat observed for other cores (Figure 11).
Permeability with respect to KCI was approximat@l906 mD and increased to a peak of 0.007 mD
after HCI injection, before gradually decreasinddtf04 mD. Dissolved elemental concentrations in
the outlet solution following KCI and HCI floods $hown in Table 5. An increase in Al, Ca, Fe, Mg
and Si was observed, which suggests that the caré®@are dissolving and the kaolinite also appears

to be dissolving to an extent.

KCI HCI
0.18 + - ~- 800
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0.12 | 3
c
o]
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Figure 9. Permeability change of B1 during flooding with 496| and 1% HCI/4% KCI.
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Figure 10. Permeability change of B2 during flooding with 40&1 and 1% HCI/4% KCI.
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Figure 11. Permeability change of B3 during flooding with 4¢@I and 1% HCI/4% KCI.

Table 5. Elemental concentration (mg/l) pre and post Ha@bdling of B3.

Pre/Post Al Ba Ca Fe K Mg Mn Na P S Si

Pre 0 60 81 0 2044820 0 1332 0 3 3

Post 32 51 117 922 2022202 4 517 O 1 52
323 (C1-c4

Permeability reached a steady state value of appetgly 0.096 mD during KCI flooding of C1
(Figure 12). Permeability response during HCI itiggt of C1 was characterised by step-change
increases, plateau periods, and gradual incre@kesfinal recorded permeability was 0.222 mD, and
thereforek, /ky, was 2.32. The step-change increase in permeabditycides with a large amount of

Ca in the effluent (maximum 6770 mg/l). Calcite vimsnd to be a dominant mineral in the cleats and
13



was found to be present on its own in some clédistographs of the core inlet surface before and
after HCI flooding are shown in Figure 13. The oeg of calcite dissolution are shown by the red
arrows. Cleat minerals that had not dissolved weteacted from three separate regions and analysed
by SEM-EDS. The minerals in regions 1 and 2 coethibarite and minor illite (K), whilst region 3
contained mixed-layered barite and kaolinite. Teeels of Al and Si in the final effluent were
approximately 3 mgl/l.

The permeability of C2 was 0.030 mD (Figure 14) #metefore considerably lower than that for C1
despite these samples being adjacent (Table 1jneRdility immediately increased during HCI
injection and reached a maximum of 0.037 mD. Théimum coincided with 3000 mg/l Ca in the
effluent. Further injection of HCI resulted in aogressive decrease in permeability to a plateau of
0.020 mD and there was a reduction in the amou@eofn the effluent. Ba, which is known to be
present in the sample as barite did not dissolyeemably during HCI injection. Photographs of the
core inlet and outlet surface of C2 before andraft€l flooding are shown in Figure 15. The
extensive calcite mineralisation visible prior t€Hlooding (Figure 15a) appears to have dissolved
(Figure 15b). The undissolved minerals following IHIBoding were extracted from separate regions
at the core inlet (Figure 15b) and core outlet Fégl5c) and analysed via SEM-EDS. Undissolved
cleat minerals from region 1 in the core inlet @amed a mixture of illite (K), barite and anatase
phases, whereas region 2 in the core outlet cadginedominantly barite. Al and Si concentrations i
the final effluent increased slightly during HCbdiding to approximately 30 mg/l and 22 mg/l,
respectively (Figure 16). Fe also increased uprtgimum of 153 mg/l before decreasing slightly to

132 mg/l when flooding was terminated.

C3 had a higher permeability than C1 and C2 duki@gjinjection of approximately 0.38 mD (Figure

17). Permeability increased sharply to a peak vafuk26 mD before declining steadily to 0.47 mD
upon continued injection of HCI. As with other sdagpthe increase in permeability coincided with
high levels of Ca in the effluent (max 3169 mgfihe levels of Al and Si in the final effluent were

only 3 and 5 mg/l, respectively.

C4 had a permeability of approximately 0.27 mD dgrKCl injection (Figure 18). Following HCI
injection the permeability increased rapidly andcteed a peak of 56 mD. As with the other samples,
the permeability did decrease, but only to 44 mbisTave a final calculated /k, of 207. This was
significantly larger than all other samples. Pernilég increase coincided with an increase in Ca in
the effluent (maximum 1943 mg/l). The levels of &id Si in the final effluent were 3 and 5 mg/I,
respectively. It is interesting that the behavioaofsC3 and C4 during HCI injection should be so
different given that they are adjacent sampless lilso worthwhile to note that despite the large
permeability increase in C4, permeability declisestill observed following prolonged HCI injection.

This suggests that the mechanism for permeabiitfiinke is also occurring here.
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Figure 12. Permeability change of C1 during flooding with 43I and 1% HCI/4% KCI.

Figure 13. Photographs of C1 inlet, (a) before HCI floodd #h) after HCI flood, where red arrows
highlight regions of calcite dissolution. The whitetted area highlights core breakage following
removal from the core holder assembly. SEM imade&teat minerals extracted from regions (1) and

(2) in (b) are also shown, where Ba = barite ared k&olinite.
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Figure 14. Permeability change of C2 during flooding with 43I and 1% HCI/4% KCI.

Figure 15. Images of C2, (a) core inlet prior to HCI floot) core inlet after HCI flood, where red
arrows highlight de-mineralised cleats and regimodtained barite, illite (K) and anatase; (c) core
outlet after HCI flood, where region 2 containeditea
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Figure 16. Al and Si concentration during flooding of C2 wit% KCI and 1% HCI/4% KCI.
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Figure 17. Permeability change of C3 during flooding with 4%l and 1% HCI/4% KCI.
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Figure 18. Permeability change of C4 during flooding with 4361 and 1% HCI/4% KClI, (a)
magnification of 4% KCI flooding stage, and (b) 4%l and 1% HCI/4% KCI combined.

324 D1

The KCI permeability of D1 was 0.86 mD and increbsapidly to a maximum of 1.34 mD during
HCI injection (Figure 19). Permeability then dea®@ gradually to 0.96 mD after further HCI
injection giving ak, /k, of 1.10. The mineralogy of this sample was quiféerent to the others and

comprised Fe bearing illite that contained smalhhats of siderite. The increase in permeability

coincided with an increase in Fe concentratiorhim effluent, however, the maximum concentration
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(380 mgl/l) occurred after the permeability reachedaximum. Al and Si levels stayed low and were
4 mg/l and 7 mg/l, respectively, at the end of élperiment. Release of Ca reached a maximum of

only 7. mgl/l.
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Figure 19. Permeability change of D1 during flooding with 4961 and 1% HCI/4% KCI.

4  Discussion

The trend of increasing permeability followed bydacline during HCI flooding suggests two
competing mechanisms, the balance of which yielgeak. The height of the peak and the decline
that follows the peak is dictated by how well easbchanism is able to compete with the other. The
mechanism by which the permeability increases istrtikely to be acid soluble minerals dissolving
and allowing enhanced liquid flow. A second mechanithen competes against this to cause liquid
flow to be restricted. The extent that this mectiamicompetes is highly variable. For some core
samples the extent is minimal, while for othersiso significant that the permeability is reduted

what it was initially, or lower.

The reason why permeability did not increase ferAhseries of samples despite Ca being present in
the effluent may be due to the apatite being latatehe matrix of the coal rather than in the tdea
High concentrations of Al and Si were found in #f8uent for the A series of cores which strongly
suggests that kaolinite within the cleats is digsgl. One idea for the reason behind kaolinite

dissolution is that when the apatite dissolvesiitnfs weak hydrofluoric acid and that this hydrofiao
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acid reacts with the kaolinite. However, the digioh of kaolinite did not result in an increase in

permeability. Instead, the permeability declinedrmse HCI was flushed through the core.

The permeability decline trends for A1, A3, C3 @t follow a smooth trend towards a minimum, or
plateau. The rate of decline is highest at therlreégg and lowest at the end. Figure 5 shows thet th
concentration of Ca in the effluent for Al alsoldels this trend whereby the rate of decline for Ca
concentration is highest at the beginning and Ibweshe end. The apatite is expected to react and
dissolve in HCI rapidly and so the Ca trend is expe. While HCI is in excess the amount of apatite
available for reaction decreases over time andhsoamount of Ca in solution decreases and is
expected to drop to zero when all of the availalplatite has dissolved. Given that the amount ahCa
the effluent was 500 mg/l at the end of the expenitnnot all of the apatite had dissolved by thé en
of the experiment. The trend for kaolinite dissmintis different and this is due to its slower rafe
reaction. As stated above the dissolution of ap#iexpected to release HF into the solution argl i
reasonable to assume that released HF would réidckaolinite. Therefore, given the constant supply
of HF and the slow kinetics of kaolinite dissolutithe rise of Al and Si in solution is expected.fés
apatite, the dissolution of kaolinite is not conteldf the experiment had continued for longer, the
levels of Al and Si in the effluent are expectethéwe declined.

Unlike the A series, the B series of cores hadiiggmt acid soluble minerals within the cleatstle
form of ankerite which was found to be mixed witioknite. Considerable levels of Ca and Fe were
detected in the effluent during HCI flooding. Theeédls of Al and Si were found to be very low in the
effluent, which suggests that the kaolinite doesdissolve. For the B series, the permeability rutal
decline considerably for B1 and B2, which sugg#ss the second mechanism was not occurring to a
large extent.

For the C series of cores, there were mixed restligse cores contained considerable amounts of
calcite. The calcite was found to be dominant witbbme of the cleats and mixed with kaolinite in
other cleats. For C1 there was considerable calatmlution, very little Al and Si dissolution,dano
decline in permeability. For C2 there was consiblergalcite dissolution, a rise in the concentratio
of Al and Si in the effluent (Figure 16), and alirez in permeability. For C3 there was considerable
calcite dissolution, negligible levels of Al andi8ithe effluent, and a decline in permeabilityr &4,
there was considerable calcite dissolution, ndgkglevels of Al and Si in the effluent, and only a

small decline in permeability.

At this stage there are three hypotheses to explhinthe permeability increases and then decreases

for certain cores. The first hypothesis is thatréiseral dissolution occurs the volume occupiedHsy t

liquid containing dissolved solid is less than th&the original solid and liquid combined, which i

common for the dissolution of ionic solids. Thiswia allow, at least temporarily, an accumulation or

hold-up of liquid in the core which would registas an increase in liquid flow rate and hence

permeability. One would expect this phenomenon itnirdsh as all of the acid soluble minerals
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dissolve. Therefore, the trend seen could be eggdeethereby the peak in permeability corresponds
to the maximum rate of mineral dissolution. Ultielgt for the permeability to drop back close to its
original level the mineral dissolution that is oa@ng is not enhancing flow through the cleat syste
There are still restrictions to flow that are ntiesed by mineral dissolution. If liquid hold-up ihe
reason for the permeability trend observed, thilrspike in permeability should be consideredbéo

an experimental artefact and not indicative ofdamples true permeability. It can serve to shaw th
mineral dissolution is occurring and that the disson is not providing enhanced permeability dae t
other restrictions in the flow. The plateau perbikityg should therefore be taken as the true

permeability for assessing whether there has be@verall increase or decrease in permeability.

The second hypothesis is that as minerals dissohvgartially dissolve, it causes them or surrongdi
minerals to break up into particles (or fines) thetome mobile within the liquid. The mobilisedefin
may then become jammed at cleat restrictions angressively build up, causing increased restriction
to liquid flow at those points and a reduction ermpeability, as displayed graphically in Figure 20.
This mechanism is also likely to follow a smootarid that parallels the rate of mineral dissolution
and therefore parallels the smooth trend obsereedhe permeability decline. This phenomenon
could help to explain why permeability declineslaaver levels than the original permeability. The
detachment of fines due to carbonate cement dissolbas been observed during core flooding of
carbonate samples (Bacci et al., 2011, Garing.eP@15, Luquot et al., 2014) and sandstone samples
(Pudlo et al., 2015) with CCsaturated brine solutions. Mineral dissolutionldalso result in a local
liquid velocity increase within the cleats whicHoals enhanced transport of fines and eventual
blockage of cleat restrictions. This critical vetggarameter for the generation and migrationiroé$

has been discussed elsewhere (Keshavarz et &, Bailet al., 2015, Oliveira et al., 2014).
(a) Pre-HCl (b) Post- HCI Key
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Figure 20. Graphical representation of clay fines mobilisatitue to carbonate (calcite or siderite)
dissolution.
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The third hypothesis is that as the minerals di&sa@nd cause an increase in pore volume, the
surrounding coal moves into that volume under {halied effective stress. This mechanism of cleat

compression could also be expected to follow a $indend that parallels the rate of mineral
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dissolution. It is important to note that this mastsm did not seem to occur for the C4 sample.
Unless the cleat geometry of C4 is such thatabie to counteract cleat compression, the resultfo

suggests that cleat compression is an unlikelyoredsr the permeability decline and that unstable
liquid flow rates due to mineral dissolution andfres mobilisation and jamming are more likely

mechanisms.

The main recommendations for further work to bettederstand the mechanism(s) behind the

permeability trends observed following acid stintiola are as follows:

(1) Cleat compressibility studies: Instead of obtainengrermeability at a single effective
stress, obtain a stress dependant permeability leftire after acid treatment. This will
indicate the conditions at which cleat compresgsarccurring.

(2) More in-depth examination of the results using }X-reomputed tomography (CT)
analysis: The C3 and C4 cores are considered tahéekey to understanding the
permeability decline as they are adjacent to edlcbrand have similar mineralogy, yet
have a very different permeability response.

(3) Filtration of effluents followed by solids charagsation (particle size and composition).

This may provide an indication of whether fines ratgpn and jamming is occurring.

In addition, to mimic how stimulation would be camted downhole, flooding experiments should
adopt forward flow to characterise initial permdigpi reverse flow with acid to simulate downhole

treatment, and then forward flow again to charésxethe final permeability. The reverse flow could
be set up with a very small pressure drop in otdenimic the reality that mass transfer of the acid
will probably be dominated by diffusion. It is momended that the forward flow solutions mimic the
downhole water chemistry in terms of salt compositiwhich is expected to influence the ease of
mineral dissolution, and pH, which is expected rtiuence the amount of acid required. Studies
indicate that the pH of water in the Bowen Basihasveen 7 and 8 (Kinnon et al., 2010).

All experiments here have been conducted examifiovg in the vertical direction. However, acid
stimulation will most likely be carried out in theorizontal (flow) direction, and so experiments

should be conducted on horizontal cores.

Once the mechanisms are understood it will themdmmessary to examine whether there are any
adverse effects with regards to relative permegbidehaviour and to use the knowledge to make
predictions on a larger scale, considering both dbiel stimulation treatment and its effect on

productivity.
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5 Conclusions

This work has examined the effect on liquid pernilggldrom flooding HCI through 11 coal cores
which had various cleat and mineralogical propsrti@®r most of the cores an increase in permegbilit
was obtained immediately after HCl was flooded tightm This increase coincided with heightened
concentrations of Ca and Fe and is attributedealtbsolution of acid soluble minerals, mainly @elc
and siderite. In some cases the increase in peilingaas maintained while in other cases there was
a gradual decrease in permeability resulting inegit small overall increase in permeability (caz8s
and D1) or a decline in permeability relative tce tbriginal level (cores A1-A3). Permeability
enhancement factors therefore varied enormousiy 8079 up to 207. An increase in permeability
that is sustained suggests that the mineral digsnlwccurring is opening up flow paths, while a
temporary increase in permeability followed by &lohe suggests that while mineral dissolution is
occurring it is not opening up flow paths. The psecreason why there is a peak in permeability
followed by a decline may be associated with tly@id hold-up that is expected to occur during
mineral dissolution and/or the dissolution of maierdestabilising insoluble surrounding minerals,
causing them to become mobile in the liquid, migratward restrictions in the flow, and then jam.
Another possible reason for the decline is thadiasolution of minerals creates additional pore
volume, this volume is then compressed under thdieapload on the sample. At this stage liquid
hold-up and fines migration are considered to lerttore likely reason as permeability decline was
not found for all samples, i.e. there were sampteswhich minerals dissolved, additional pore
volume was created and permeability stayed higiciting that compression did not occur. This
work has shown that increases in permeability carat¢hieved where cleats are rich in carbonates,
however, the presence of clays may place limitation the extent of enhancement. It is imperative
that the cleat mineralogy and connectivity is weiderstood prior to implementation of a cleat de-

mineralisation treatment.
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Highlights:

e Permeability increases (x200) occurred for highly connected calcite dominated cleats.
e Permeability declines occurred for mixed calcite/kaolinite dominated cleats.

e Permeability declines may be due to kaolinite mobilisation and jamming.



