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Abstract

Understanding effective permeability is crucial for predicting fluid migration and trapping in
subsurface reservoirshe BunterSandstone diNorth-West Europe hosts major groundwater and
geothermal resources and is targeted fop @@l hydrogen storage projecktere the effective
permeability of fluvial facies within the Bunter Sandstone Formation was assessed using facies
scale modelsTwelve lithofacies were modeled based on core and outcrop observations of their
geometries and dimensionBermeability values from minipermeameter measurements were
assigned to low and highpermeability lithologies in each facie3he dimensions of a
Representative Elementary Volume (REV) in depositional dip, depositional strike and vertical
directions were determined bgxtracting subvolumes from the modelsat different scales,
calculating values of effective permeability fachsubvolume, and identifying the sumlume

at which the values of effective permeability stabilise as the RE¥ REV dimensions vary with
facies type and flow directi on, signifitanttplarger t y pi c
than a typical core plugdaving identified the REV, we analyze the effective permeabilities of the
different facies typesNormalized values of effective permeabilities in depositional dip, strike and
vertical directionsKg, ks, kv), relative to the permeability of levand highpermeability lithologies

in each facies, display a positive linear correlation with the proportiomighfpermeability
lithology (clay-poor sandstone) for all facieBherefore, the proportion of clgyoor sandstone, as
measured in core data, can be used to predict fac#s effective permeability in the Bunter

Sandstone Formation, as well as in analogous fluvial deposits globally.
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1 Introduction

Triassic fluvial sandstones northwest Europ@orm important groundwater aquife@llien et al.,
1997; Heinemann et al., 2012; Noy et al., 2012; Medici & West, 2822)geothermal reservoirs
(Downing et al., 1984; Gérard et al., 2006; Yousaf et al., 2@28) arebeingactively evaluated
and developed for C3toraggGluyas & Bagudu, 2020; Bossennec et al., 2021; Hartemink, 2021;
Bertier et al., 2022; Alshakri et al., 2023; Bofill et al., 2024, Cecchetti et al., 2024; Hossain et al.,
2024a; Hossain et al., 20244md Aquifer Thermal Energy Storage (ATH3@ams et al., 1980;
Holmslykke et al., 2021; Jackson et al., 202%sential for achieving neero emission targets
and sustainable growthAccurate reservoir characterization,including estimating effective
permeability of different facies and modelitingir spatial distribution, is paramount for successful

project development in aquifer management, geothermal applicationSCarstiorage.

In a typical reservoirmodelling workflow values of permeabilityised to populate geological
models are derived from core plagtaand estimated from wireline logs through empirical
equationgHelle et al., 2001; Mania, 2017hevolumes of modelgrid celk are severabrders of
magnitudelarger than those ofcore plugs(Corbett & Jensen, 1992Permeability values are
typically categorized by facies type and then averaged at thélgaklevel; a process known as
"blockingd (Jackson et al., 2003However, this processay not accurately represent the
underlyingpermeability structure unless tlagterhas a specific spatial distribution, such as simple
parallel layeringPrevious studies indicate that averaging qutgy permeability measurements is
inadequate for grithlock scale analysjsecause it failso represengeologicalheterogeneity
(Jackson et al., 2003; Jackson et al., 2005; Nordahl & Ringrose, 2008; Nordahl et al..T2014)
ensure accuracy at larger scaleRepresentative Elementary VolurfREV) of the rock which

defines the smallest volume over which measurements can reliably represent thecntiosly



94 must be utilizedBear, 1972) This ensures consistency in properties regardless of the sample
95 volume consideredThe REV for permeability needs to barge enough to encompass flow
96 variations in all directions. However, it can be challengingdfinethe REV in practice due to

97 the overlappingnature ofspatial scales dieterogenejt (Nordahl & Ringrose, 2008)

98 Several techniques have been employed to determine effective permeability through REV. analysis
99 Jackson et al. (2002005 usedserial sectioning f | ar ge rock speci mens (n
100 cm)to reconstruct sandbody geometry and connectivity in 3D models, and tratr@iacterize
101 the reservoir properties of heterolithic tidal sandstone faldiassart et al. (2016)sed a surface
102 based modeling technique to investigate the impact of mudstone drape distribution on the effective
103 permeability of heterolithic, crodsedded tidal sandstones with 3D modBlsrdahlet al. (2014)
104 and Lottman et. al. (2019itilized processoriented modeling technigaéo estimate the REY/of
105 heterolithic tidal sandstones amdeandering fluvial depositgespectively In this study, we
106 employ a novel sketehased modeling technigydéacquemyn et al., 20219 create models of
107 sedimentological facieandthen useeomputationally efficient, singiphasdlow diagnostisthat
108 are integrated into the sketblased modelling toqPetrovskyy et al., 2023) determine the REV

109 for thedifferent facies

110 This study focsses on characterizing the Bunter Sandstone Formation, which comprises fluvial
111 and aeolian depositfhemain objectivas to assess the impact of sedimentological heterogeneity
112 on the effective permeability of tHlivial sedimentological facies within the Bunter Sandstone
113 Formation. To achieve this, wauild on previous work that hadentified and interpretd the

114 sedimentological facies from car@nd outcropsand characterized tipermeabilityof these facies

115 at the lamina scale usimginipermeametry and core plug analy@tossain et al., 2024an this

116 paper, we document: (1) the construction of fasieme reservoimodels of all lithofacies at
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resolutions capable of capturing the heterogeneity associated with each(cpepulation of
these models witappropriate laminaand beedscalepermeability valuesand (3)analysis othe
modelsto determine th&EYV for each lithofaciesand thus determine their effective permeability

in depositional dipdepositionaktrike and vertical directions

2 Geological contextand resources

The Sherwood Sandstone Groop the onshore UKand the correlative Bunter Sandstone
Formation of the offshore UKrepresents a successionoob nt i med betdé&deposiied in

several rift basins in the Triassic peri@dmbrose et al., 2014¥he dominant lithologies of this

unit are sandstones and pebbly sandstones with varying amounts of conglomerates, siltstones and
claystonegAmbrose et al., 2014; Medici et al., 2015; Wakefield et al., 2018 unit isfoundin
theWessex, Worcester, Cheshire, East Irish Sea, Solway and Carlisle basit} (Sithickness

varies considerably, from as little as 90 m in south Nottinghamshire to over 600 m in Lancashire
(Hounslow & Ruffell, 2006; McKie & Williams, 2009; Ambrose et al., 2014he Sherwood

Sandston&roupis interpretedo constituteluvial-aeolian deposit@Medici et al., 2019)

The lower part of the Sherwood Sandstone is fluaat pasesfrom fluvial conglomerateand
pebbl sandstones in the basins of western England to meddufime-grained sandstones in the
basins of northeastern Englafhtblliday et al., 2008; Ambrose et al., 201%he uppepartof the
Sherwood Sandstomentainsaeolian facies, particularly in northwestern Englésdlliday et al.,

2008; Medici et al., 2019)rhe upward change in depositional setting has been attributed to the
avulsion of river channels or the onset of aeolian sediment s(ipllyday et al., 2008; Ambrose

et al., 2014)High subsidenceates allowed the preservation of aeolian facies in western England
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whereas the absence of these facies in eastern England is postulated to reflect low subsidence rates

(Meckel et al., 2015; Medici et al., 2019)

Sandstones inthe SherwoodSandstoneGroup exhibit significant variability in petrophysical
properties across different basins. Porosity ranges fr8893 while hydraulic conductivity spans
from 0.1 to 11,000 m@Cowan, 1993; Allen et al., 1997; Brookfield, 2004; Pokar et al., 2006)
the Cheshire Basin, permeability varies from 1 to0f80 (Bloomfield et al., 2006)in the Hewett

gas fieldof the southern North Sgaverage permeabilities of 500 mD and 1000 mD have been
reported for the upper and lower BunBandston&ormation(Cooke Yarborough, 1991 Within

the Sherwood Sandsto@oupof thelrish Sea, permeability of fluvial facies ranges from 0.1 to
1000 mD, whereathat ofaeolian facies rangdrom 1 to 3000 mOMeadows & Beach, 1993)
Aeolian facies typically exhibit higher permeabilithan fluvial facies due to the lower clay
content(Wakefield et al., 2015; Medici et al., 201Bpw-permeability zones are often associated

with mudstone deposiedin overbankand lacustrine environments

The Sherwood Sandstone Group aBdnter Sandstone Formation hold significant economic
importance due ttheir lithological characteristics and stratigraphic positi@how thick sealing
mudstones and evaporites of the Mercia Mudstone Group and Dowsing For(Waaicefield et

al., 2015; Medici et al., 2019fhese sandston&®stgroundwater resources in the Midlands and
Cheshirebasinsof the onshore UKand are target®r carbon dioxide@O,) storage projects both
onshore and offshorgK (Gluyas & Bagudu, 2020; Hollinsworth et al., 2024; Hossain et al.,
2024a) Moreover, the&Sherwood Sandstone Groig@asource of lowenthalpygeothermal energy,

as demonstrated by the Southampton Geothermal District Heating S@henrgng et al., 1984)

The Sherwood Sandstone Group is a focus of the UK Geoenergy Observatories (UKGEOS)

initiative in the Cheshire BasigKingdon et al., 2019)which aims to advance research in
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subsurface energy technologies such as geothermal energy extractioarlamml capture and

storaggCCS.

Across northwesternEurope, theequivalentsof the Sherwood Sandstone Group aBdnter
Sandstone Formation play critical roles in sustainable resource projects. In the Netherlands, the
Lower and Main Buntsandstesubgroupserve as aquifef€ecchetti et al., 2024andthe Trias
Westland Geothermal Project explores the geothermal potential of these formations to provide
sustainable heatingy ousaf et al., 2023)The Porthos Project in the Port of Rotterdam investigates
the use of these formations GO, storage beneath tt&outhernNorth Sea(Sorbier, 2024)In
Germany, the Buntsandste@®@roup hosts groundwater aquifers andhsing investigated for
geothermal energy applicatiof\éandeweijer et al., 2009T he Ketzin Pilot Site, Europe's longest
running onshoreCO, storage project, alsasesthe BuntsandsteifGroup as its storageunit
(Martens et al., 2013)n France, théuntsandstein Grouposts aquifers in the Alsace region

(Bofill et al., 2024)
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Figure 1:Map showingthe distribution of Sherwood Sandstone Group (SSG) outcrops (in orange)themsshore

UK and their presence in subsurface resenfoiadified after English et.al., 2024Jhe approximate boundaries of

the preserved SSG are outlined with orange lines. Grey circles mark the locations of the Styrrup, Two Oaks, and
Scrooby Top quarries, while Nottingham outcrops are indicated by aSstdimentary basins that contaime
Sherwood Sandstone Gyware:CB, Carlisle Basin; CBB, Cardigan Bay Basin; CISB, Central Irish Sea Basin; EISB,
East Irish Sea Basin; EMB, East Midlands Ba&iBB, Kish Bank Basin; LB, Larne Basin; NCB, North Channel
Basin; NCSB, North Celtic Sea Basin; PB, Peel Basin; PWB, Portland Wight Basin; SCSB, South Celtic Sea Basin;
SFB, Solway Firth Basin; SPB, Southern Permian Basin; WB, Wessex Basin; WAB, Western Approaches Basin;
WCB, Worchester Basin.
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3 Dataset and methods

3.1 Coreand outcrogacies analysis

Core data from wellgd2/251 and 42/25¢B, spanning intervals of 10 m and 163 m respectjvely
from theEnduranceCO; storage siteoffshore UK were analyzed to develop a lithofacies scheme

highlightingsmallscale sedimentologichkterogeneityHossain et al., 2024a)

The studiedtores provide a detailed and continuous record of facies in vertical succession, but do
not constrain the lateral extent. Thus, outcrop analogues are crucial for understanding the
dimensions, geometry and lateral extent of the fadiascollected such data from exposures of
theSherwood Sandstone Grodmm several quarries (e.g., Styrrup Quarry, Scrooby Top Quarry,
Two Oaks Quarry) andther minedfaces (e.g., Park Tunnel, Nottingham Castle) in the East
Midlands, onshore UKFig. 1; see also similar data collected by Medici et al., 2015, 2019;
Wakefield et al., 2015)The resulting lithofacies scheme is described in detail in Hossein et al.

(2024) and summarized in Table 1.

3.2 Minipermeametedata

Permeability data were collected frasalected intervals of the core fromell 42/25d3 using a
portable handheld air permeameter @ygrid, to capture the effects of lamhsaale heterogeneity
in each faciegHossain et al., 2024a)hese permeability data are documente(Hossin et al.

20248) and summarized for each facies in Table 1.



207  Table 1: Fluvial facies in the studied Bunter Sandstone Formation corédhansdood Sandstone Grooptcrops.
208 Permeability data are from well 42/28¢ Endurance Cgstorage site, southern North Sea (Fig. 1).

Miniperm. Core plug
Lithofacies Description Permeability Permeability
(mD) (mD)

Planar cross Fine to mediumgrained, moderately sorte 6-8600 9.5-5350
bedded sandstone arranged in sets of planar cross t
sandstone (Sp) Individual crosssets are 4020 cm thick. Both

topses and bottomsetare horizontal to slightly

inclined. Foresets consist of alternating eteor

and clayrich sandstone laminae.
Trough cross Medium to fine-grained, trough crodsedded 90-7800 137 2813
bedded sandstone. Individual sets are-8@ cm thick.
sandstone (St)
Planar cross  Well-sorted, fine to mediumgrained, planai 2-3900 4-3853
bedded crossbedded sandstone with mud clasts als
sandstone with foresets. Clasts are rounded anét Zm in
mud clasts diameter.
along foresets
(Spmc)
Parallet Fine-grained, welsorted sandstone containit  24-900 7.2-2468
laminated planarparallel lamination. Clayich laminae are
sandstone (Sh) present. Thickness ranges fr&@150 cm
Mottled and Fine-grainedsandstone with deformation in tt 0.2-1600 2.8480
deformed form of harmonic and disharmonic fold
sandstone antiform shapes, and subvertical pipes.
(Smd)
Matrix- Fine to coarsegrained sarstone matrix with  0.06-80 0.7-89
supported grey, pebblesized (34 cm diameter)mudstone
conglomerate clasts. Clasts are subunded to suangular.
(Gmg)
Finegrained  Siltstone with subordinate thin (ZD cm) beds o 10-70 1.14588
sandstone and fine-grained sandstone. Sandstones are typic
siltstone (Sss) crossbedded. Unitgontain abundant sasfidled

desiccation cracks.
Low angle Fine- to mediumgrained, moderately sorted, lev  170-700 351673
crossbedded angle crosdbedded sandstone. Individual ¢
sandstone (Sl) thickness is 280 cm.
Laminated Laminated, dark brown mudstone with re 0.083 0.182.92

mudstone (FI)

siltstone laminae. Units are typically -P0 cm
thick, andrarely up to 50 cm thick.
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220

221

222

223

224

225

Structureless Fine to mediumgrained, moderately to we 20-1300 9.5-5350
sandstone (Sm sorted sandstone with erosional base. Units
30-50 cm thick and often overlie mudstone uni

Trough cross  Multiple sets of fine to mediumgrained, 80-190 351673
laminated moderately sorted, trough crelssninated
sandstone (Stl sandstone. Individual sets are 1® cm thick, anc

cosets aré&0-100 an thick. Dark colored, clay

rich laminae are present along the troughs.

Crinkly Thin units (1620 cm) of siltstones and very fini  0.4-240 0.69180
laminated grained sandstones with irregular to higl
sandstone (Sc) diffuse, crinkly and variably continuot

lamination.

3.3 Construction of faciescale reservoimodek

Models of the lithofacies (Table 1) wereconstructed using sketdfased reservoir modelling
techniques implemented apensourceresearch code (Rapid Reservoir Modelling, RR&busa

et al., 2020; Jacquemyn et al., 2021; Petrovskyy et al., 2823gxample of this approach is
shown in Figure ZThe dimensiosand geometrical configuratiaf lithologies inthe facies were
identified in the cores and outcroft$ossain et al., 2024aBeddingperpendiculacrosssections
derived from photos of outcrop faces and c@escombined with beddinglane maps derived
from outcrops and/or conceptudD block diagramsn constructing stratal surfaces and the

volumes that the surfaces boundhe sketckbasedmodels(Jacquemyn et al., 2021).

In the planar crosbedded sandstor(&p), low-angle crosdedded sandstor(&l), and parallel
laminated sandstonh) facies stratal surfaces identified in the depositional dip directiom
continuous and paralleh the depositionalstrike direction. For these faciestratal surfaces
sketched as lines in depositiomhp-orientedcrosssectionsveresimply extrapolatedhorizontally
along depositional strike=or facies such as trough crds=dded sandston&t), troughcross
laminated sandstor{(&tl), and crinkly laminated sandsto(fec), stratal surfaces sketched as lines

in depositionaldip-orientedcrosssectionsnvere extruded along sketched maew trajectories to
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depict accuratelythe 3D stratal architecturécf. figure 6 in CosteéSousaet al., 2020) Stratal
surfaces irfacieswith morecomplex3D architecture, such as mottled and deformed sandstone
(Smd)facies weregenerated bintempolatingsketched linebetweersuccessivenapview planes

(cf. figure 6AC in Jacquemyn et al., 2021)

Fortwo facies planarcrossbedded sandstone with mud clasts along foréSgisic)andmatrix-
supported conglomerate (Gmgketchbased models were supplementedséguential indicator
simulation (SIS) anabjectbasedmodelling techniqueso distribute pebbleas objectsalong
foresetsThe resulting pebble distribution in the maslghs visually inspected and compared with

outcrop photographs as a check of model quality

Figure 2:Constructiorof a sketchbased 3D model, using the example of planar ebessled sandstone (Sp) facies
(Table 1).A) Outcrop photo of planar crodéedded sandstori8p) faciesat Styrrup QuarryFig. 1);B) linessketche
over crossset bounding surfaces afateses in photo, andC) with photo removedand D)3D modelwith sketched
surfacesxtrapolategerpendicular to the plane of the photo.
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3.4 Model resolution

Determining thdowestmodel resolution that captures ttentinuity and connectivity of laminae

and beds of contrasting permeabilisynecessarypefore calculatingeffective propertiesn the
modek. Below, the process of identifyingerequired model resolution is demonstrated for planar
crossbedded sandstone (Sp) facies as an example (Fig. 3). After constructing the iteodel,
resolution was varied and the corresponding effective permeabilitgal@datedn depositional

dip (kd¢), depositional strikek), and vertical k) directionsusingsinglephaseflow diagnostics
implemented in RRMPetrovskyy et al., 2023Flow diagnostics rely on a reduepdysics,
singlephase pressure solutiondalculatekey flow properties in a rapid, computationally efficient
manner(Shahvali et al., 2012; Rasmussen & Lie, 2014; Lie et al., 2015; Mgyner et al., 2015)
orthogonal grid is used for flow diagnostic calculations, to ensure numerical staetitp\(skyy

et al., 2023 Permeability is calculated in each of the three orthogonal directions in the model by
imposing a uniform pressure over opposing inlet and outlet faces, setting all other faces to have
zero flow, and simulating the resulting single phase flow assuming unit fluid viscosity. The
effective permeability is then simply given by the total flow rate divided by the pressure gradient

(Petrovskyy et al., 20323

To test the sensitivity a#ffectiveky, ks, andky to grid resolution,tte number of grid cellsn each
directionwas plotted against the valueskafks, andk, for each model resolution (Fig. 3A). The
number of grid cellsvas increasedhus increasingrid resolution) untivalues ofkg, ks, andky
converged to a stable value. Figure 3A shows the fluctuating nature of effective permeability
values until they reach a stable value at the minimum grid resolution required to capture the

heterogeneity that is characteristicagfarticular facies. Depending on their internal geometrical
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complexity, different facies require different model resolutidResolution was determined before

undertaking the REV analysis for a given facies.

3.5 Identificationof Representative Elementary Volume (REV)

After determining the model resolution, the next step is to identify the REV, and thereby to obtain
representative values &§, ks andk,. Most facies contaitwo lithologies, which are assigned a
single value of permeability, corresponding to thsthmetic meanof minipermeameter
measurements for that lithology in the facies in the core Well¥2/25d3 (Hossain et al., 2024a)
Thesefacies therefore contain a lepermeability and a higpermeability lithology.The initial
sketchbased model of a particular facies is large relative to the heterogeneities that are
characteristic of that facies (e.g., forelshina extent in a planar crebed set; Fig. 2D). To find

the REV dimensions in the depositional dip, depositional strike, and vertical directions, the sides
of the initial model that are perpendicular to the direction of interest were progressoghed,

to generate a subolume of the model, and the effective permeability in all three directions was
calculated for the model stumlume. Effective permeability was then plotted against the model
dimension in the directioof interest At small volumeseffective permeabilitghows oscillations

due to nonrepresentative sampling dfeterogeneitiesAt progressivly larga volumes the
oscillationsin effective permeability decrease in amplitudamd measurements of effective
permeability stabilizeThe model swlvolume at which values of effective permeability stabilize

is identified as the REV, which is sufficiently large to characterise the heterogeneity of the facies
(Jackson et al., 2003; Jackson et al., 2005; Nordahl & Ringrose, 2008; Nordahl et al., 2014;
Lottman, 2019) In the example of planar crebgdded sandstonith continuous clay rich
foresetqSpl) facies shown in Figure 3B, the REVdimensionsn depositionaldip and vertical

directions are 0.5 m and.QLm, respectively.Since beds and laminae maintain a uniform
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293
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297

298

geometrical configuratiom the depositionalstrike directionthere is noREV in that direction
The effective permeability along the dip and vertical directimn®47 mD and 370 mD,
respectivelyThearithmetic and harmonic means of permeabilitgighted by the proportions of
lithologies in the measured swblume of the modelyere plottedor comparisorwith calculated
values ofeffectivepermeabilityandto determingf these meansan serve as proxies fky, ks and

kv.

For each facies, normalized effective permeab(kty values in thelepositionalblip, depositional

strike and vertical directions were determined ugiqgation I(Jackson et al., 2005)

Where ket represents the effective permeability in a given direction at the representative
elementary volume (REV), whil&max and kmin are the respective maximum and minimum
permeability values used to populate the facies modlels the values assigned to the low

permeability and higipermeability lithologies in the facies).
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Figure 3: Plotsillustrating how appropriate model resolution and REV dimensions are determined, exemplified by thefrptadedr crosdedded sandstone
(Sp)facies (Fig2). A) Effective permeabilityn thedepositionabip (ki), depositionaktrike ks) and vertical k) directions plottedgainst the number of grid cells
in the dip, strike and vertical directign® establish the minimum grigksolution that captures characteristic heterogen¥gytical dashed line showing the
minimum resolution required to capture the heterogeneity related to thisBabipEffective permeabilityky, ks, k) plotted against increasing model dimension
B) alongdepositionatlip, C) alonglepositionaktrike,andD) vertically, to establish REV dimensianéluesof arithmetic and harmonic mearad the proportion
of high-permeabilitylithology (clay-poor sandstonia this facie$ in each modetubvolumeare shown for comparisoWertical and horizontal dashed lines show
the REV dimension and the effective permeability, respectively, along the depositioaatdiprtical directions.



307 4 Results

308 4.1 Representation of lithofacies sketchbased models

309 Trough crosshedded sandstone (St) and trough ctassnated sandstone (Stfhcies contain
310 crosssets of foreset laminae that are inclined down depositional difhavela troughshaped
311 geometry alonglepositional strikgFig. 4B, K). Mottled and deformed sandstone (Smd) and
312 crinkly laminated sandstone (Safies contain lenticular beds sdndstone anthudstone that are
313 encasd in a background ofrespectively,mudstone and sandstone (Fig. 4E, L). Mottled and
314 deformed sandstone (Smd) facies also contain downriapetingyerticalsheets that are arranged
315 in planview polygonal networks, representinigsiccationcrack fills, that sparthe mudstone
316 layers and connect sandstone lenséatrix-supported conglomerate (Gmgdacies have a
317 disorganisedlistribution of mudclasts in bothdepositionaldip, depositionalstrike and vertical
318 directions(Fig. 4F) Mud clasts vary in size from 10 to 40 cm and hawemmorazimuth, which
319 corresponds tthepalaeeflow direction.Planar cros®vedded sandstone (Splanarcrossbedded
320 sandstone with mud clasts along foresets (Spmcloandngle crosdedded sandstone ($cies
321 haveforesetlaminae that are inclinedbwn depositionallip andare horizontahlong depositional
322 strike (Figs. 4A, C, H)In planar crosdedded sandstone with mud clasts along foresets (Spmc),
323 impermeable mud clasts along the foresets formlisaontinuousbarrier. Parallel laminated
324 sandstone (Shandfine-grainedsandstone andiltstone(Sss)faciesare horizontally layered in
325 depositional dip and strikdirections(Fig. 4D, G) Structureless mudstone (Sm) and laminated

326 mudstone (FlJacies form lenticulabodies with no interndithological variation(Fig. 41, J)

327 Minipermeameter data show th@grmeability variationsf up to a factor of Dccur withinsome
328 facies reflecting the lithological, grain size and textural characteristi¢dbeofithologieswithin

329 the faciegHossain et al., 2024 Clay-poor and clayrich laminae occur in some cresdded
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and parallelaminated sandstone facies (Sp, St, Spmc, Sh, Sl, Stl; Fig. 4A, B, C, D, Glak)

poor and clayrich sandstonéaminaeare assigned permeability values of 1000 mD and 200 mD,
respectively, irplanar and trough crodgedded sandstone facig®p, St) Fig. 4A, B). The same
permeabilityvalueswere used for clapoor and clayrich sandstonéaminae in models gblanar
crossbedded sandstone with mud clasts along forg&ienc) but mudclastsare treatedas
impermeablgFig. 4C) In models oflow-angle crosdedded sandstone (Sl) and trough cross
laminated sandstone (Stbhlay-poor sandstonéaminaeare assigned permeability values of 800

mD and 160 mD, respectively, and clagh sandstonéaminae are assigned permeability values

of 200 mD and 40 mD (FigdH, K). Clay-poor and clayrich laminae in models ofgpallet
laminated sandstone (Shje assigned permeability values of 600 mD and 200 mD (Fig. 4D).
Alternating strata of sandstone and mudstone or siltstone occur in other facies (Smd, Sss, Sc; Fig.
4E, G, L).In the mottled and deformed sandstone (Samtjcrinkly laminated sandstone (Sc)
facies, sandstones are assigned permeability values of 400 mD and 200 mD, respectively, and
mudstones are assigned permeability value of 0.6 mD 4EigL). In thefine-grainedsandstone

and siltstone facie$gs), clayrich and claypoor sandstorshavepermeabilities o020 mD and 60

mD, respectively. Pebbles in the matrix supported permeability (Gmg) facies l@ddentD

permeability whereas the sandstones have 50 mD permeability.

For the planar and trough cresedded sandstone faci€Sp, St) models of two crosbedding

scenarios wereonstructed In one scenarioglay-rich sandstone laminagere modelled as
continuoudoresetySp1, Stl), while in the othecenarigtheyoccur only over the lower half of
the foreset{Sp2, St2).Dimensional data for faciescale reservoimodels were derived from

cores, outcrops, and analogue®ported in the published literature
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Figure 4:Core photos, outcrop photos, and perspective views ofe3Brvoirmodels showing the geomietil
configurationof relatively high (red) and relatively low (blue) permeability lithologies in dackes(Table 1) A)

trough crosedded sandstone (St), B) planar cibbsdded sandstone (Sp), C) planar clumsdded sandstone with

mud clasts along foresets (Spmc), D) pardHietinated sandston(&h), E) mottled and deformed sandstd@end)

F) matrix-supported conglomera{&mg), G) fine-grainedsandstone and siltstoiigss, H) low-angle crosbedded
sandston€sl), I) laminated mudstone (Fl), J) structureless sandstone (Srhugh crosdaminatedsandstone (8t

and L) crinkly laminatedsandstone (§. Core and outcrop photos are taken from well 42/2%ohd various outcrops

of the Bunter Sandstone Formation in the East Midlands (Fig. 1), respectively, except for outcrop photos in Figure 4K
(Hossain et al., 202#@ndFigure 4L(Sansom, 1992)
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4.2 Model resolution

The required resolution for modeling different facies varies according to their geometrical
complexity(Table 2) Mottled and deformed sandstone (Siatjes characterized by a complex
network of sandstonkensesand sanstonefilled desiccation cracks, requires the highest model
resolution. Similarly, trough crodsedded sandstone (Sipough crosdaminated sandstone (Stl)
planar crosdedded sandstone with mudclasts along foresets (Smand)matrix-supported
conglomerate (Gmdaciesalso need high resolution due to their complex internal structnves.
layered facies such garallellaminated sandstone (Sandfine-grainedsandstone and siltstone
(Sss)faciesrequire high resolutioto capture thin layer€rinkly laminated sandstor{&c)facies

require the lowest resolution.



390 Table 2: Model resolutioand element sizeequired for different facie@/a = not appropriate)

391

Facies

Number of grid cells
(Dip x Strike x Vertical) (Dip x Strike x Vertical) (Dip x Strike x Vertical)

REV Dimension (m)

Element Size (mm)

Planar cros®edded sandstone with continuous
clayrich foresets (Sp

Planar crosdedded sandstone with
discontinuous clay rich foresets &p

Trough crossedded sandstone with continuou
clay rich foresets (%)

Trough crossbedded sandstone with
discontinuous clay rich foresets 2pt

Planar cros®edded sandstone with mud clasts
along foresets (Spmc)

Parallellaminated sandstone (Sh)

Mottled and deformed sandstone (Smd)
Matrix-supported conglomerate (Gmg)
Fine-grained sandstone and siltstone (Sss)
Low-angle crosdedded sandstone (Sl)
Laminated mudstone (FI)

Structureless sandstone (Sm)

Trough crosgaminated sandstone (Stl)

Crinkly laminated sandstone (Sc)

100x 100x 100

100x 100x 100

120x 120x% 120

120x 120x 120

100x 100x 100

100x 100x% 100
120x 120x 120
100x 100x% 100
100x 100x% 100
80x 80x 80
Homogenous
Homogenous
120x 120x 120
60 x 60 % 60

05 xn/ax1

3.5xn/ax0.8

1.5x2x1.2

1x3x1.5

2.8 xn/lax0.7

Layered
0.85x0.4x0.35
0.3x0.3x0.4
Layered
2.3 xnlax1.3
Homogenous
Homogenous

0.2x05x0.1
0.3x0.6 x0.15

5x1x10

35x1x8

12.5x16.6 x 10

8.3x25x125

28 x1x 7

Layered
7%x33%x29
3x3x4
Layered
30 x 1x 15
Homogenous
Homogenous
1.6 x4x0.8
5x10x3
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4.3 REV definition and effectiv@ermeability

Figures 5o 16 presentsummaries of theeservoir modeldREV dimensionand values oKg, Ks,
andk, for each studied facies. The facsgsecific effective permeabilities and REV dimensions

are compared in Figures 1019.

Forthe planar crosbedded sandstone with continuous el foresets (Spl), REV dimensions
are 0.5 m alongepositionallip and 1m vertically (Figs. 5, 17). Since thdoresetsarehorizontal
alongdepositionaktrike, there is no REV in that directidatfective permeability value$or the
faciesarekq = 547 mD, ks = 610 mD, andk, = 370 mD (Fig. 19). Theks valueis close tothe
arithmetic mean, thk, value approximateshe harmonic mean, and tkevalueis intermediate
between the arithmetic and harmonic means. The proportion epbkigheabilitylayersdecreases
with increasing length and thicknessthe model suyolume (Fig. 5) hence, smaller models

generally show higher permeability valiesthey oversample highermeabilitylayers.

For the planar crosbedded sandstone witHiscontinuousclay-rich foresets (Sp2), REV
dimensions are 3.5 m alordgpositionaldip and 0.8 m vertically, with no REV in the strike
direction since thdoresetsare continuous andorizontal (Figs. 6, 17). Effective permeability
values arekg = 708 mD, ks = 780 mD, andk = 518 mD (Fig. 19). Theks valueis close tathe
arithmetic mean, thk, value approximateshe harmonic mean, and tkevalueis intermediate
between the arithmetic and harmonic me@ng. 6) The proportion of higipermeabilitylayers
decreases with increasing lengftthe model silyolume remains stable with modslibvolume

width, and decreases withodel subvolumethickness up t800 mmbefore increasingfig. 6).

Forthe trough crosbedded sandstone with continualay-rich foresets (Stl), REV dimensions

are 1.5 m alondepositionatlip, 20 m alongdepositionaktrike, and 1.2 m verticallfFigs. 7, 18).
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Effective permeability values are = 562 mD, ks = 435mD, andk, = 462 mD (Fig. 7) Thekq, ks,

andky values arall intermediate between the arithmetic and harmonic m@ags7).

For the trough crosbedded sandstone witdiscontinuousclay-rich foresets (St2), REV
dimensions are.@ m alongdepositionablip, 30 m alongdepositionaktrike, and 1.5 m vertically
(Figs. 8, 17). In modelSt2, it is assumed that thkay-rich foresetpinch out in the middle afross
sets This leads to aoarseningupward trendand an upward increase in permeabilitithin each
crossset Effectivepermeability values afe = 744 mD, ks= 634 mD, andk, = 590 mD (Fig. 19).
The ks andky values are intermediate between the arithmetic and harmonic meansthefkie

valueis close to the arithmetic meg#rig. 8).

For the planar crosbedded sandstone withud clastsalong foresets (Spmc), REV dimensions
are 28 m alongdepositionalip and 0.7 m verticallyFigs. 9, 17). Impermeable mud clastsrm
small,discontinuousafflesalong foresetsSinceforesetsare extruded along the strike direction,
there is no REV in that directioRkffective permeability values aie = 900 mD ks =900 mD, and

ke = 725 mD (Fig. 19). Theky andks values areslose to the arithmetic mean akchpproximates

the harmonic meafig. 9). The proportion of higipermeabilitylithology remainsuniform along
depositionaldip and strike, so there are no significant variations in effective permeability when
the modelsubvolume is decreased in these directiorwever, the proportion of high
permeability lithology increases with increasing model thickness; hence, smaller rsabel

volumes havelower effective prmeabilityasmodel subvolume thickness is decreased

The parallelaminated sandstone (Sfgcies is layered, and hence has REV (Figs. 10 17).
Effective permeability values are; = 530 mD,ks = 530 mD, andk, = 400 mD(Fig. 19). Thekgy
andks valuesare the same abe arithmetic mean, whereas thevalueis equal to thénarmonic

mean(Fig. 10) The proportion of highpermeabilitylithology remains stable across different



437 model subvolume dimensions.Theseresultsare consistent with theory for layered system

438 (Renard & De Marsily, 1997; Dagan, 2012)

439 Forthe mottled and deformed sandstone (Smd), REV dimensions &renG®ngdepositional
440 dip, 0.4 m alonglepositionalstrike, and B5 m vertically (Figs. 11, 17). Effective permeability
441 values arekg = 141 mD, ks = 153 mD, andky = 91 mD (Fig. 19). Values ofkg, ks, andky are
442 intermediate between the arithmetic and harmonic mégigs 11) The proportion of high
443 permeabilitylayersin model subvolumesincreases with increasirgngth alongdepositionabip
444  andincreasingthickness and remains relatively stable wihcreasing widthalong depositional
445  strike Therefore, smaller modelbave lower effective permeabilityvhen cropped along

446 depositionallip andvertically.

447  Forthe matrixsupported conglomerate (Gmg), REV dimensions are 0.3 m dépusitionalip,

448 0.3 m alongdepositionaktrike, and 0.4 m verticallgFigs. 12, 17). Depositionaldip direction is
449 along the azimuth of the mudcladi$fective permeability values ate = 23 mD,ks= 22 mD, and
450 kv=17 mD(Fig. 19). Thekq, ks, andk, valuesareintermediate between the arithmetic and harmonic
451 means(Fig. 12) The proportion of higipermeability lithology increases with increasing

452  depositionalip, depositionaktrike, and thickness exteoitthe sampled model stumlume

453 The fine-grainedsandstone and siltstone (SEg)ieshas no REV since it is layered (Bid3, 17).
454  Effectivepermeability values aie = 52 mD,ks= 52 mD, ancky = 43 mD (Fig. 9). Theks andks
455 valuesapproximatethe arithmetic mean, whereas thevalue approximateshe harmonic mean
456 (Fig. 14). The proportion of highermeability layers remains stable across different maate|
457  volume dimensions.These findings are consistentvith the theoretical predictions for layered

458 systemgRenard & De Marsily, 1997; Dagan, 2012)
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Forthe lowangle crosdbedded sandstone (Sl), REV dimensions éBeralongdepositionalip
and 1.3 m vertically(Figs. 14, 17). Sincelaminae within the crossetsare extruded along
depositionalkstrike, there is no REVA this direction Effective permeability values are; = 441
mD, ks = 510 mD, and, = 300 mD(Fig. 19). The ks value approximates the arithmetic mean,
whereasks andk, valuesare close to the arithmetic and harmonic measpectively(Fig. 14).
The proportion of higipermeabilitylithology fluctuates withdecreasesn model subvolume
dimensionsalong depositionaldip and vertically, and remains relatively stable witticreasing

depositional strike extent of the model stddume

Forthe trough crostaminated sandstor(8t), REV dimensions ar@.2 m alongdepositionatlip,
0.5m alongdepositionaktrike, andd.1 m vertically (Figs. 15, 17). Effective permeability values
areks = 95 mD, ks = 78 mD, andky = 81 mD (Fig. 19). Thekq, ks, andky values are intermediate
between the arithmetic and harmonic me@fg. 15) As the depositional strike extent tife
modelsubvolume decreaseky is higher tharks. The proportion of higipermeabilitylithology

remains consistent across different maddvolumedimensions.

Forthe crinkly laminated sandstone ($agies REV dimensions are 0.3 m alodgpositionatlip,

0.6 m alonglepositionaktrike, and A5 m vertically(Figs. 16, 17). Effectivepermeability values
arekq = 187 mD, ks = 177 mD, andky = 130 mD (Fig. 19). Theks andks valuesare close to the
arithmetic mean, while thie, valueis intermediate between the arithmetic and harmonic means.
The proportion of higipermeabilitylithology increases slightly witincreasing depositionatrike
extentand thicknes®f the sampled model ssmlume hence, the smaller modslibvolumes
show lower effective permeabilityhen these dimensiomase decreasedFig. 16) In contrast, the
proportion of highpermeabilitylithology decreases witcreasing depositionalip extent of the

sampled model sutolume



482  For structureless sandstone (Samd laminated mudstone (Fl) facigermeabilityis isotropic
483 thereforethese facies have MREV. Effective permeabilitywalues ki = ks = ky) for both facies

484 were taken as the arithmetic mean of minipermeametasurementd-ig. 19).
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485  Figure 5: A) Perspective view of the 3D model of the planar dressled sandstone facies (Sp1; Table 1, Fig. 4A) withutay (red) and continuous chaich

486  (blue) foresets with permeabilities of 2000 mD and 200 mD, respectivedy. Hfective permeability (kd, ks, kv) plotted against modelgalume dimension:

487 B) along depositional dip, C) along depositional strike, and D) vertically. Values of arithmetic and harmonic meanspambrttien of highpermeability

488 lithology (clay-poor sandstone) are shown for comparisdertical and horizontal dashed lines show the REV dimension and the effective permeability,
489 respectively, along the depositional dipd vertical directions.
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492  Figure6: A) Perspective view athe 3D modelof the planar crosshedded sandstorfacies(Sp2 Table 1, Fig. A) with clay-poor (red) andliscontinuousclay-

493  rich (blue)foresetswith permeabilities of 1000 mD and 200 mD, respectiviehn) Effective permeabilityky, ks, k) plotted against modsubvolumedimension:

494  B) along depositional dip, C) along depositional strikegd D) vertically.Values of arithmetic and harmonic means, and the proportion ofpeigheability

495 lithology (clay-poor sandstone) are shown for comparisdertical and horizontal dashed lines show the REV dimension and the effective permeability,
496 respectively, along the depositional dipd vertical directions.
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Figure7: A) Perspective view athe 3D modelof thetrough crossbedded sandstorfacies(St1; Table 1, Fig. B) with clay-poor (red) anatontinuousclay-rich
(blue) foresetsvith permeabilities of 1000 mD ar#)0 mD, respectivel\B-D) Effective permeabilityky, ks, ky) plotted against modsubvolumedimension: B)
along depositional dip, C) along depositional strieq D) vertically Values of arithmetic and harmonic means, and the proportion ofpeigheabilitylithology
(clay-poor sandstone) are shown for comparid@ertical and horizontal dashed lines show the REV dimension and the effective permeability, respectively, along
the depositional dip, strike, and vertical directions.
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Figure9: A) Perspective view ahe3D modelof theplanar croshedded sandstoriacieswith mud clast&long foresetéSpmg Table 1, Fig. 4§ with continuous
clay-poor (red), clayrich bottomseiblue) and impermeable pebbkgseen) along foresetsith permeabilities of 1000 m[200 mD,and 0 mD respectivelyB-
D) Effectivepermeability K4, ks, ky) plotted against modsubvolumedimension: B) along depositional dip, C) along depositional stziké,D) verticallyValues
of arithmetic and harmonic means, and the proportion of-p@meabilitylithology (clay-poor sandstone) are shown for compariséertical and horizontal
dashed lines show the REV dimension and the effective permeability, respectively, along the depositional dip and eetitce. dir



















































