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A B S T R A C T

Understanding effective permeability is crucial for predicting fluid migration and trapping in subsurface reser
voirs. The Bunter Sandstone of northwestern Europe hosts major groundwater and geothermal resources and is 
targeted for CO2 storage projects. Here the effective permeability of fluvial facies within the Bunter Sandstone 
Formation was assessed using facies-scale models. Twelve lithofacies were modeled based on core and outcrop 
observations of their geometries and dimensions. Permeability values from minipermeameter measurements 
were assigned to low- and high-permeability lithologies in each facies. The dimensions of a Representative 
Elementary Volume (REV) in depositional dip, depositional strike and vertical directions were determined by 
extracting sub-volumes from the models at different scales, calculating values of effective permeability for each 
sub-volume, and identifying the sub-volume at which the values of effective permeability stabilise as the REV. 
The REV dimensions vary with facies type and flow direction, but are typically of order tens of centimetres to 
metres in size, significantly larger than a typical core plug. Having identified the REV, we analyze the effective 
permeabilities of the different facies types. Normalized values of effective permeabilities in depositional dip, 
strike and vertical directions (kd, ks, kv), relative to the permeability of low- and high-permeability lithologies in 
each facies, display a positive linear correlation with the proportion of high-permeability lithology (clay-poor 
sandstone) for all facies. Therefore, the proportion of clay-poor sandstone, as measured in core data, can be used 
to predict facies-scale effective permeability in the Bunter Sandstone Formation, as well as in analogous fluvial 
deposits globally.

1. Introduction

Triassic fluvial sandstones in northwestern Europe form important 
groundwater aquifers (Allen et al., 1997; Heinemann et al., 2012; Noy 
et al., 2012; Medici and West, 2022) and geothermal reservoirs 
(Downing et al., 1984; Gérard et al., 2006; Yousaf et al., 2023), and are 
being actively evaluated and developed for CO2 storage (Gluyas and 
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., 2024) and Aquifer Thermal Energy Storage (ATES) 
(Adams et al., 1980; Holmslykke et al., 2021; Jackson et al., 2024), 
essential for achieving net-zero emission targets and sustainable growth. 

Accurate reservoir characterisation, including estimating effective 
permeability of different facies and modeling their spatial distribution, 
is paramount for successful project development in aquifer manage
ment, geothermal applications, and CO2 storage.

In a typical reservoir modelling workflow, values of permeability 
used to populate geological models are derived from core plug data and 
estimated from wireline logs through empirical equations (Helle et al., 
2001; Mania, 2017). The volumes of model grid cells are several orders 
of magnitude larger than those of core plugs (Corbett and Jensen, 1992). 
Permeability values are typically categorized by facies type and then 
averaged at the grid-block level, a process known as ‘blocking’ (Jackson 
et al., 2003). However, this process may not accurately represent the 
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underlying permeability structure unless the latter has a specific spatial 
distribution, such as simple parallel layering. Previous studies indicate 
that averaging core-plug permeability measurements is inadequate for 
grid-block scale analysis, because it fails to represent geological het
erogeneity (Jackson et al., 2003, 2005; Nordahl and Ringrose, 2008; 
Nordahl et al., 2014). To ensure accuracy at larger scales, a Represen
tative Elementary Volume (REV) of the rock, which defines the smallest 
volume over which measurements can reliably represent the entire rock 
body, must be utilized (Bear, 1972). This ensures consistency in prop
erties regardless of the sample volume considered. The REV for 
permeability needs to be large enough to encompass flow variations in 
all directions. However, it can be challenging to define the REV in 
practice due to the overlapping nature of spatial scales of heterogeneity 
(Nordahl and Ringrose, 2008).

Several techniques have been employed to determine effective 
permeability through REV analysis. Jackson et al. (2003, 2005) used 
serial sectioning of large rock specimens (measuring several tens of 
centimetres in each direction) to reconstruct sandbody geometry and 

connectivity in 3D models, and thereby characterize the reservoir 
properties of heterolithic tidal sandstone facies. Massart et al. (2016)
used a surface-based modeling technique to investigate the impact of 
mudstone drape distribution on the effective permeability of hetero
lithic, cross-bedded tidal sandstones with 3D models. Nordahl et al. 
(2014) and Lottman (2019) utilized process-oriented modeling tech
niques to estimate the REVs of heterolithic tidal sandstones and 
meandering fluvial deposits, respectively. In this study, we employ a 
novel sketch-based modeling technique (Jacquemyn et al., 2021) to 
create models of sedimentological facies. The novelty of this study lies in 
the fact that, for the first time, we have created deterministic lithofacies 
scale models by sketching lithological heterogeneity directly from 
outcrop photos and then used computationally efficient, single-phase 
flow diagnostics that are integrated into the sketch-based modelling 
tool (Petrovskyy et al., 2023) to determine the REV for the different 
facies.

This study focusses on characterizing the Bunter Sandstone Forma
tion, which comprises fluvial and aeolian deposits. The main objective is 

Fig. 1. Map showing the distribution of Sherwood Sandstone Group (SSG) outcrops (in orange) across the onshore UK and their presence in subsurface reservoirs 
(modified after English et.al., 2024). The 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 a star. Sedimentary basins that contain the Sherwood Sandstone Group are: CB, 
Carlisle Basin; CBB, Cardigan Bay Basin; CISB, Central Irish Sea Basin; EISB, East Irish Sea Basin; EMB, East Midlands Basin; KBB, 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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to assess the impact of sedimentological heterogeneity on the effective 
permeability of the fluvial sedimentological facies within the Bunter 
Sandstone Formation. To achieve this, we build on previous work that 
has identified and interpreted the sedimentological facies from cores 
and outcrops, and characterized the permeability of these facies at the 
lamina scale using minipermeametry and core plug analysis (Hossain 
et al., 2024). In this paper, we document: (1) the construction of 
facies-scale reservoir models of all lithofacies at resolutions capable of 
capturing the heterogeneity associated with each facies; (2) population 
of these models with appropriate lamina- and bed-scale permeability 
values; and (3) analysis of the models to determine the REV for each 
lithofacies, and thus determine their effective permeability in deposi
tional dip, depositional strike and vertical directions.

2. Geological context and resources

The Sherwood Sandstone Group of the onshore UK, and the correl
ative Bunter Sandstone Formation of the offshore UK, represents a suc
cession of continental ‘red beds’ deposited in several rift basins in the 
Triassic period (Ambrose et al., 2014). The dominant lithologies of this 
unit are sandstones and pebbly sandstones with varying amounts of 
conglomerates, siltstones and claystones (e.g. Ambrose et al., 2014; 
Medici et al., 2015; Wakefield et al., 2015). The unit is found in the 
Wessex, Worcester, Cheshire, East Irish Sea, Solway and Carlisle basins 
(Fig. 1). Its thickness varies considerably, from as little as 90 m in south 
Nottinghamshire to over 600 m in Lancashire (Hounslow and Ruffell, 
2006; McKie and Williams, 2009; Ambrose et al., 2014). The Sherwood 
Sandstone Group is interpreted to constitute fluvial-aeolian deposits (e. 
g. Medici et al., 2019).

The lower part of the Sherwood Sandstone is fluvial, and passes from 
fluvial conglomerates and pebbly sandstones in the basins of western 
England to medium- to fine-grained sandstones in the basins of north
eastern England (Holliday et al., 2008; Ambrose et al., 2014). The upper 
part of the Sherwood Sandstone contains aeolian facies, particularly in 
northwestern England (Holliday et al., 2008; Medici et al., 2019). The 
upward change in depositional setting has been attributed to the avul
sion of river channels or the onset of aeolian sediment supply (Holliday 
et al., 2008; Ambrose et al., 2014). High subsidence rates allowed the 

Table 1 
Fluvial facies in the studied Bunter Sandstone Formation cores and Sherwood 
Sandstone Group outcrops (after Hossain et al., 2024). Permeability data are 
from well 42/25d-3, Endurance CO2 storage site, southern North Sea (Fig. 1).

Lithofacies Description Miniperm. 
Permeability 
(mD)

Core plug 
Permeability 
(mD)

Planar cross-bedded 
sandstone (Sp)

Fine- to medium- 
grained, moderately 
sorted sandstone 
arranged in sets of 
planar cross beds. 
Individual cross-sets 
are 40–120 cm thick. 
Both topsets and 
bottomsets are 
horizontal to slightly 
inclined. Foresets 
consist of alternating 
clay-poor and clay-rich 
sandstone laminae.

6–8600 9.5 − 5350

Trough cross-bedded 
sandstone (St)

Medium- to fine- 
grained, trough cross- 
bedded sandstone. 
Individual sets are 
40–80 cm thick.

90–7800 13 – 2813

Planar cross-bedded 
sandstone with 
mud clasts along 
foresets (Spmc)

Well-sorted, fine- to 
medium-grained, 
planar cross-bedded 
sandstone with mud 
clasts along foresets. 
Clasts are rounded and 
2–4 cm in diameter.

2 − 3900 4–3853

Parallel-laminated 
sandstone (Sh)

Fine-grained, well- 
sorted sandstone 
containing planar- 
parallel lamination. 
Clay-rich laminae are 
present. Thickness 
ranges from 50 to 150 
cm.

24–900 7.2–2468

Mottled and 
deformed 
sandstone (Smd)

Fine-grained sandstone 
with deformation in 
the form of harmonic 
and disharmonic folds, 
antiform shapes, and 
subvertical pipes.

0.2–1600 2.8–480

Matrix-supported 
conglomerate 
(Gmg)

Fine- to coarse-grained 
sandstone matrix with 
grey, pebble-sized (1–4 
cm diameter) 
mudstone clasts. Clasts 
are sub-rounded to 
sub-angular.

0.06–80 0.7–89

Fine-grained 
sandstone and 
siltstone (Sss)

Siltstone with 
subordinate thin 
(20–50 cm) beds of 
fine-grained 
sandstone. Sandstones 
are typically cross- 
bedded. Units contain 
abundant sand-filled 
desiccation cracks.

10–70 1.14–588

Low angle cross- 
bedded sandstone 
(Sl)

Fine- to medium- 
grained, moderately 
sorted, low-angle 
cross-bedded 
sandstone. Individual 
set thickness is 20–30 
cm.

170–700 35–1673

Laminated mudstone 
(Fl)

Laminated, dark 
brown mudstone with 
rare siltstone laminae. 
Units are typically 
10–20 cm thick, and 
rarely up to 50 cm 
thick.

0.08–3 0.18–2.92

Table 1 (continued )

Lithofacies Description Miniperm. 
Permeability 
(mD) 

Core plug 
Permeability 
(mD)

Structureless 
sandstone (Sm)

Fine- to medium- 
grained, moderately to 
well sorted sandstone 
with erosional base. 
Units are 30–50 cm 
thick and often overlie 
mudstone units.

20–1300 9.5 − 5350

Trough cross- 
laminated 
sandstone (St1)

Multiple sets of fine- to 
medium-grained, 
moderately sorted, 
trough cross-laminated 
sandstone. Individual 
sets are 10–15 cm 
thick, and cosets are 
60–100 cm thick. Dark 
colored, clay-rich 
laminae are present 
along the troughs.

80–190 35–1673

Crinkly laminated 
sandstone (Sc)

Thin units (10–20 cm) 
of siltstones and very 
fine-grained 
sandstones with 
irregular to highly 
diffuse, crinkly and 
variably continuous 
lamination.

0.4–240 0.69–180
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preservation of aeolian facies in western England, 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 in the Sherwood Sandstone Group exhibit significant 
variability in petrophysical properties across different basins. Porosity 
ranges from 3 to 38 %, while hydraulic conductivity spans from 0.1 to 
11,000 mD (Cowan, 1993; Allen et al., 1997; Brookfield, 2004; Pokar 
et al., 2006). In the Cheshire Basin, permeability varies from 1 to 7900 
mD (Bloomfield et al., 2006). In the Hewett gas field of the southern 
North Sea, average permeabilities of 500 mD and 1000 mD have been 
reported for the upper and lower Bunter Sandstone Formation 
(Cooke-Yarborough, 1991). Within the Sherwood Sandstone Group of 
the Irish Sea, permeability of fluvial facies ranges from 0.1 to 1000 mD, 
whereas that of aeolian facies ranges from 1 to 3000 mD (Meadows and 
Beach, 1993). Aeolian facies typically exhibit higher permeability than 
fluvial facies due to their lower clay content (Wakefield et al., 2015; 
Medici et al., 2019). Low-permeability zones are often associated with 
mudstones deposited in overbank and lacustrine environments.

The Sherwood Sandstone Group and Bunter Sandstone Formation 
hold significant economic importance due to their lithological charac
teristics and stratigraphic position below thick sealing mudstones and 
evaporites of the Mercia Mudstone Group and Dowsing Formation (e.g. 
Wakefield et al., 2015; Medici et al., 2019). These sandstones host 
groundwater resources in the Midlands and Cheshire basins of the 
onshore UK, and are targets for carbon dioxide (CO2) storage projects 
both onshore and offshore UK (Gluyas and Bagudu, 2020; Hollinsworth 
et al., 2024; Hossain et al., 2024). Moreover, the Sherwood Sandstone 
Group is a source of low-enthalpy geothermal energy, as demonstrated 
by the Southampton Geothermal District Heating Scheme (Downing 
et al., 1984). The Sherwood Sandstone Group is a focus of the UK 
Geoenergy Observatories (UKGEOS) initiative in the Cheshire Basin 
(Kingdon et al., 2019), which aims to advance research in subsurface 
energy technologies such as geothermal energy extraction and carbon 
capture and storage (CCS).

Across northwestern Europe, the equivalents of the Sherwood 
Sandstone Group and Bunter Sandstone Formation play critical roles in 
sustainable resource projects. In The Netherlands, the Lower and Main 
Buntsandstein subgroups serve as aquifers (Cecchetti et al., 2024), and 
the Trias Westland Geothermal Project explores the geothermal poten
tial of these formations to provide sustainable heating (Yousaf et al., 
2023). The Porthos Project in the Port of Rotterdam investigates the use 
of these formations for CO2 storage beneath the Southern North Sea 
(Sorbier, 2024). In Germany, the Buntsandstein Group hosts ground
water aquifers and is being investigated for geothermal energy appli
cations (Vandeweijer et al., 2009). The Ketzin Pilot Site, Europe’s 
longest-running onshore CO2 storage project, also uses the Buntsand
stein Group as its storage unit (Martens et al., 2013). In France, the 
Buntsandstein Group hosts aquifers in the Alsace region (Bofill et al., 
2024).

3. Dataset and methods

3.1. Core and outcrop facies analysis

Core data from wells 42/25–1 and 42/25d-3, spanning intervals of 
10 m and 163 m respectively, from the Endurance CO2 storage site, 
offshore UK, were analyzed to develop a lithofacies scheme highlighting 
small-scale sedimentological heterogeneity (Hossain et al., 2024).

The studied cores provide a detailed and continuous record of facies 
in vertical succession, but do not constrain their lateral extent. Thus, 
outcrop analogues are crucial for understanding the dimensions, ge
ometry and lateral extent of the facies. We collected such data from 
exposures of the Sherwood Sandstone Group, from several quarries (e.g., 
Styrrup Quarry, Scrooby Top Quarry, Two Oaks Quarry) and other 
mined faces (e.g., Park Tunnel, Nottingham Castle) in the East Midlands, 
onshore UK (Fig. 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 Hossain et al. (2024) and summarized in Table 1.

Fig. 2. Construction of a sketch-based 3D model, using the example of planar cross-bedded sandstone (Sp) facies (Table 1). A) Outcrop photo of planar cross-bedded 
sandstone (Sp) facies at Styrrup Quarry (Fig. 1); B) lines sketched over cross-set bounding surfaces and foresets in photo, and C) with photo removed; and D) 3D 
model with sketched surfaces extrapolated perpendicular to the plane of the photo.
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3.2. Minipermeameter data

Permeability data were collected from selected intervals of the core 
from well 42/25d-3 using a portable hand-held air permeameter on a 
grid, to capture the effects of lamina-scale heterogeneity in each facies 
(Hossain et al., 2024). These permeability data are documented in 
(Hossain et al. 2024) and summarized for each facies in Table 1.

3.3. Construction of facies-scale reservoir models

Deterministic models of the lithofacies (Table 1) were constructed 
using sketch-based reservoir modelling techniques implemented in 
open-source research code (Rapid Reservoir Modelling, RRM; (Costa 
Sousa et al., 2020; Jacquemyn et al., 2021; Petrovskyy et al., 2023). An 
example of this approach is shown in Fig. 2. The dimensions and 
geometrical configuration of lithologies in the facies were identified in 
the cores and outcrops (Hossain et al., 2024). Bedding-perpendicular 
cross-sections derived from photos of outcrop faces and cores are com
bined with bedding-plane maps derived from outcrops and/or concep
tual 3D block diagrams in constructing stratal surfaces and the volumes 
that the surfaces bound in the sketch-based models (Jacquemyn et al., 
2021). Our approach uses sketch-based interface and modelling 
computational methods to preserve the geometry of geological features 
critical to reservoir characterization in the resulting models.

In the planar cross-bedded sandstone (Sp), low-angle cross-bedded 
sandstone (Sl), and parallel-laminated sandstone (Sh) facies, stratal 
surfaces identified in the depositional dip direction are continuous and 
parallel in the depositional strike direction. For these facies, stratal 
surfaces sketched as lines in depositional-dip-oriented cross-sections 

were simply extrapolated horizontally along depositional strike. For 
facies such as trough cross-bedded sandstone (St), trough cross- 
laminated sandstone (Stl), and crinkly laminated sandstone (Sc), stra
tal surfaces sketched as lines in depositional-dip-oriented cross-sections 
were extruded along sketched map-view trajectories to depict accurately 
the 3D stratal architecture (cf. Fig. 6 in Costa Sousa et al., 2020). Stratal 
surfaces in facies with more complex 3D architecture, such as mottled 
and deformed sandstone (Smd) facies, were generated by interpolating 
sketched lines between successive map-view planes (cf. Fig. 6A–C in 
Jacquemyn et al., 2021).

For two facies, planar cross-bedded sandstone with mud clasts along 
foresets (Spmc) and matrix-supported conglomerate (Gmg), sketch- 
based models were supplemented by sequential indicator simulation 
(SIS) and object-based modelling techniques to distribute pebbles as 
objects along foresets. The resulting pebble distribution in the models 
was visually inspected and compared with outcrop photographs as a 
check of model quality.

3.4. Model resolution

Determining the lowest model resolution that captures the continuity 
and connectivity of laminae and beds of contrasting permeability is 
necessary before calculating effective properties in the models. Below, 
the process of identifying the required model resolution is demonstrated 
for planar cross-bedded sandstone (Sp) facies as an example (Fig. 3). 
After constructing the model, its resolution was varied and the corre
sponding effective permeability was calculated in depositional dip (kd), 
depositional strike (ks), and vertical (kv) directions using single-phase 
flow diagnostics implemented in RRM (Petrovskyy et al., 2023). Flow 

Fig. 3. Plots illustrating how appropriate model resolution and REV dimensions are determined, exemplified by the model of planar cross-bedded sandstone (Sp) 
facies (Fig. 2). A) Effective permeability in the depositional dip (kd), depositional strike (ks) and vertical (kv) directions plotted against the number of grid cells in the 
dip, strike and vertical directions, to establish the minimum grid resolution that captures characteristic heterogeneity. Vertical dashed line shows the minimum 
resolution required to capture the heterogeneity related to these facies. B-D) Effective permeability (kd, ks, kv) plotted against increasing model dimensions: B) along 
depositional dip, C) along depositional strike, and D) vertically, to establish REV dimensions. Values of arithmetic and harmonic means, and the proportion of high- 
permeability lithology (clay-poor sandstone in this facies) in each model sub-volume are shown for comparison. Vertical and horizontal dashed lines show the REV 
dimension and the effective permeability, respectively, along the depositional dip and vertical directions.
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diagnostics rely on a reduced-physics, single-phase pressure solution to 
calculate key flow properties in a rapid, computationally efficient 
manner (Shahvali et al., 2012; Rasmussen and Lie, 2014; Lie et al., 2015; 
Møyner et al., 2015). An orthogonal grid is used for flow diagnostic 
calculations, to ensure numerical stability (Petrovskyy 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., 2023).

To test the sensitivity of effective kd, ks, and kv to grid resolution, the 

number of grid cells in each direction was plotted against the values of 
kd, ks, and kv for each model resolution (Fig. 3A). The number of grid 
cells was increased (thus increasing grid resolution) until values of kd, ks, 
and kv converged to a stable value. Fig. 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 
characteristic of a particular facies. Depending on their internal 
geometrical complexity, different facies require different model resolu
tions. Resolution was determined before undertaking the REV analysis 
for a given facies.

Fig. 4. Core photos, outcrop photos, and perspective views of 3D reservoir models showing the geometrical configuration of relatively high (red) and relatively low 
(blue) permeability lithologies in each facies (Table 1). A) trough cross-bedded sandstone (St), B) planar cross-bedded sandstone (Sp), C) planar cross-bedded 
sandstone with mud clasts along foresets (Spmc), D) parallel-laminated sandstone (Sh), E) mottled and deformed sandstone (Smd), F) matrix-supported conglom
erate (Gmg), G) fine-grained sandstone and siltstone (Sss), H) low-angle cross-bedded sandstone (Sl), I) laminated mudstone (Fl), J) structureless sandstone (Sm), K) 
trough cross-laminated sandstone (Stl), and L) crinkly laminated sandstone (Sc). Core and outcrop photos are taken from well 42/25d-3 and various outcrops of the 
Bunter Sandstone Formation in the East Midlands (Fig. 1), respectively, except for outcrop photos in Fig. 4K (Hossain et al., 2023) and Fig. 4L (Sansom, 1992).
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3.5. Identification of representative elementary volume (REV)

After determining the model resolution, the next step is to identify 
the REV, and thereby to obtain representative values of kd, ks and kv. 
Most facies contain two lithologies, which are assigned a single value of 
permeability, corresponding to the arithmetic mean of mini
permeameter measurements for that lithology in the facies in the core 
from well 42/25d-3 (Hossain et al., 2024). These facies therefore contain 
a low-permeability and a high-permeability lithology. The initial 
sketch-based model of a particular facies is large relative to the het
erogeneities that are characteristic of that facies (e.g., foreset-lamina 
extent in a planar cross-bed 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 in
terest were progressively cropped, to generate a sub-volume of the 
model, and the effective permeability in all three directions was calcu
lated for the model sub-volume. Effective permeability was then plotted 

against the model dimension in the direction of interest. At small vol
umes, effective permeability shows oscillations due to 
non-representative sampling of heterogeneities. At progressively larger 
volumes, the oscillations in effective permeability decrease in ampli
tude, and measurements of effective permeability stabilize. The model 
sub-volume at which values of effective permeability stabilize is iden
tified as the REV, which is sufficiently large to characterise the hetero
geneity of the facies (Jackson et al., 2003, 2005; Nordahl and Ringrose, 
2008; Nordahl et al., 2014; Lottman, 2019). In the example of planar 
cross-bedded sandstone with continuous clay-rich foresets (Sp1) facies 
shown in Fig. 3B–D, the REV dimensions in depositional dip and vertical 
directions are 0.5 m and 1.0 m, respectively. Since beds and laminae 
maintain a uniform geometrical configuration in the depositional strike 
direction, there is no REV in that direction. The effective permeability 
along the dip and vertical directions is 547 mD and 370 mD, respec
tively. The arithmetic and harmonic means of permeability, weighted by 
the proportions of lithologies in the measured sub-volume of the model, 

Fig. 4. (continued).
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were plotted for comparison with calculated values of effective perme
ability and to determine if these mean values can serve as proxies for kd, 
ks and kv.

For each facies, normalized effective permeability (kn) values in the 
depositional dip, depositional strike and vertical directions were deter
mined using Eq. (1) (Jackson et al., 2005). 

kn =
keff − kmin

kmax − kmin
(1) 

Where, keff represents the effective permeability in a given direction at 
the representative elementary volume (REV), while kmax and kmin are the 
respective maximum and minimum permeability values used to popu
late the facies models (i.e., the values assigned to the low-permeability 
and high-permeability lithologies in the facies).

4. Results

4.1. Representation of lithofacies in sketch-based models

Trough cross-bedded sandstone (St) and trough cross-laminated 
sandstone (Stl) facies contain cross-sets of foreset laminae that are in
clined down depositional dip and have a trough-shaped geometry along 
depositional strike (Fig. 4B, K). Mottled and deformed sandstone (Smd) 
and crinkly laminated sandstone (Sc) facies contain lenticular beds of 
sandstone and mudstone that are encased in a background of, respec
tively, mudstone and sandstone (Fig. 4E, L). Mottled and deformed 
sandstone (Smd) facies also contain downward-tapering, vertical sheets 
that are arranged in plan-view polygonal networks, representing desic
cation crack fills, that span the mudstone layers and connect sandstone 
lenses. Matrix-supported conglomerate (Gmg) facies have a disorganised 
distribution of mud clasts in both depositional dip, depositional strike 
and vertical directions (Fig. 4F). Mud clasts vary in size from 10 to 40 cm 
and have a common azimuth, which corresponds to the palaeo-flow 
direction. Planar cross-bedded sandstone (Sp), planar cross-bedded 
sandstone with mud clasts along foresets (Spmc) and low-angle cross- 
bedded sandstone (Sl) facies have foreset laminae that are inclined down 
depositional dip and are horizontal along depositional strike (Figs. 4A, 
C, H). In planar cross-bedded sandstone with mud clasts along foresets 
(Spmc), impermeable mud clasts along the foresets form a discontinuous 
barrier. Parallel laminated sandstone (Sh) and fine-grained sandstone 
and siltstone (Sss) facies are horizontally layered in depositional dip and 
strike directions (Fig. 4D, G). Structureless mudstone (Sm) and lami
nated mudstone (Fl) facies form lenticular bodies with no internal lith
ological variation (Fig. 4I, J).

Minipermeameter data show that permeability variations of up to a 
factor of 5 occur within some facies, reflecting the lithological, grain size 

Fig. 4. (continued).

Table 2 
Model resolution and element size required for different facies (n/a = not 
appropriate).

Facies Number of grid 
cells 
(Dip × Strike ×
Vertical)

REV 
Dimensions 
(m) 
(Dip × Strike ×
Vertical)

Element Size 
(mm) 
(Dip × Strike ×
Vertical)

Planar cross-bedded 
sandstone with 
continuous clay-rich 
foresets (Sp1)

100 × 100 ×
100

0.5 × n/a × 1 5 × 1 × 10

Planar cross-bedded 
sandstone with 
discontinuous clay-rich 
foresets (Sp2)

100 × 100 ×
100

3.5 × n/a × 0.8 35 × 1 × 8

Trough cross-bedded 
sandstone with 
continuous clay-rich 
foresets (St1)

120 × 120 ×
120

1.5 × 2 × 1.2 12.5 × 16.6 ×
10

Trough cross-bedded 
sandstone with 
discontinuous clay-rich 
foresets (St2)

120 × 120 ×
120

1 × 3 × 1.5 8.3 × 25 ×
12.5

Planar cross-bedded 
sandstone with mud 
clasts along foresets 
(Spmc)

100 × 100 ×
100

2.8 × n/a × 0.7 28 × 1 × 7

Parallel-laminated 
sandstone (Sh)

100 × 100 ×
100

Layered Layered

Mottled and deformed 
sandstone (Smd)

120 × 120 ×
120

0.85 × 0.4 ×
0.35

7 × 3.3 × 2.9

Matrix-supported 
conglomerate (Gmg)

100 × 100 ×
100

0.3 × 0.3 × 0.4 3 × 3 × 4

Fine-grained sandstone 
and siltstone (Sss)

100 × 100 ×
100

Layered Layered

Low-angle cross-bedded 
sandstone (Sl)

80 × 80 × 80 2.3 × n/a × 1.3 30 × 1 × 15

Laminated mudstone (Fl) Homogenous Homogenous Homogenous
Structureless sandstone 

(Sm)
Homogenous Homogenous Homogenous

Trough cross-laminated 
sandstone (St1)

120 × 120 ×
120

0.2 × 0.5 × 0.1 1.6 × 4 × 0.8

Crinkly laminated 
sandstone (Sc)

60 × 60 × 60 0.3 × 0.6 ×
0.15

5 × 10 × 3
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and textural characteristics of the lithologies within the facies (Hossain 
et al., 2024). Clay-poor and clay-rich laminae occur in some 
cross-bedded and parallel-laminated sandstone facies (Sp, St, Spmc, Sh, 
Sl, Stl; Fig. 4A, B, C, D, H, K). These clay-poor and clay-rich laminae were 
directly sketched from outcrop photos, allowing us to assign distinct 
permeability values to each lamina type. This approach ensures a strong 
correlation between the measured permeability values and their spatial 
distribution within the model. Clay-poor and clay-rich sandstone 
laminae are assigned permeability values of 1000 mD and 200 mD, 
respectively, in planar and trough cross-bedded sandstone facies (Sp, St) 
(Fig. 4A, B). The same permeability values were used for clay-poor and 
clay-rich sandstone laminae in models of planar cross-bedded sandstone 
with mud clasts along foresets (Spmc), but mud clasts are treated as 
impermeable (Fig. 4C). In models of low-angle cross-bedded sandstone 
(Sl) and trough cross-laminated sandstone (Stl), clay-poor sandstone 
laminae are assigned permeability values of 800 mD and 160 mD, 
respectively, and clay-rich sandstone laminae are assigned permeability 
values of 200 mD and 40 mD (Fig. 4H, K). Clay-poor and clay-rich 
laminae in models of parallel-laminated sandstone (Sh) are 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 (Smd) and 
crinkly laminated sandstone (Sc) facies, sandstones are assigned 
permeability values of 400 mD and 200 mD, respectively, and mud
stones are assigned a permeability value of 0.6 mD (Fig. 4E, L). In the 
fine-grained sandstone and siltstone facies (Sss), clay-rich and clay-poor 
sandstones have permeabilities of 20 mD and 60 mD, respectively. 
Pebbles in the matrix-supported conglomerate (Gmg) facies have 0.001 
mD permeability whereas the sandstones have 50 mD permeability.

For the planar and trough cross-bedded sandstone facies (Sp, St), 
models of two cross-bedding scenarios were constructed. In one 

scenario, clay-rich sandstone laminae were modelled as continuous 
foresets (Sp1, St1), while in the other scenario, they occur only over the 
lower half of the foresets (Sp2, St2). Dimensional data for facies-scale 
reservoir models were derived from cores, outcrops, and analogues re
ported in the published literature.

4.2. Model resolution

The required resolution for modeling different facies varies accord
ing to their geometrical complexity (Table 2). Mottled and deformed 
sandstone (Smd) facies, characterized by a complex network of sand
stone lenses and sandstone-filled desiccation cracks, requires the highest 
model resolution. Similarly, trough cross-bedded sandstone (St), trough 
cross-laminated sandstone (Stl), planar cross-bedded sandstone with 
mudclasts along foresets (Spmc), and matrix-supported conglomerate 
(Gmg) facies also need high resolution due to their complex internal 
structures. Even layered facies such as parallel-laminated sandstone (Sh) 
and fine-grained sandstone and siltstone (Sss) facies require high reso
lution to capture thin layers. Crinkly laminated sandstone (Sc) facies 
require the lowest resolution.

4.3. REV definition and effective permeability

Figs. 5–7 present summaries of the reservoir models, REV dimensions 
and values of kd, ks, and kv for trough cross-bedded sandstone with 
continuous clay-rich foresets (St1), parallel-laminated sandstone (Sh) 
and mottled and deformed sandstone (Smd) facies. Similar analysis and 
relevant plots for rest of the studied facies are attached as Supplemen
tary Data. The facies-specific effective permeabilities and REV di
mensions are compared in Figs. 8–10.

For the trough cross-bedded sandstone with continuous clay-rich 

Fig. 5. A) Perspective view of the 3D model of the trough cross-bedded sandstone facies (St1; Table 1, Fig. 4B) with clay-poor (red) and continuous clay-rich (blue) 
foresets with permeabilities of 1000 mD and 200 mD, respectively. B-D) Effective permeability (kd, ks, kv) plotted against model sub-volume dimension: B) along 
depositional dip, C) along depositional strike, and D) vertically. Values of arithmetic and harmonic means, and the proportion of high-permeability lithology (clay- 
poor sandstone) are shown for comparison. Vertical 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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foresets (St1), REV dimensions are 1.5 m along depositional dip, 2.0 m 
along depositional strike, and 1.2 m vertically (Figs. 5 and 8). Effective 
permeability values are kd = 562 mD, ks = 435mD, and kv = 452 mD 
(Fig. 10). The kd, ks, and kv values are all intermediate between the 
arithmetic and harmonic means (Fig. 5).

The parallel-laminated sandstone (Sh) facies is layered, and hence 
has no REV (Figs. 6 and 10). Effective permeability values are kd = 530 
mD, ks = 530 mD, and kv = 400 mD (Fig. 10). The kd and ks values are the 
same as the arithmetic mean, whereas the kv value is equal to the har
monic mean (Fig. 6). The proportion of high-permeability lithology re
mains stable across different model sub-volume dimensions. These 
results are consistent with theory for layered systems (Renard and De 
Marsily, 1997; Dagan, 2012).

For the mottled and deformed sandstone (Smd), REV dimensions are 
0.85 m along depositional dip, 0.4 m along depositional strike, and 0.35 
m vertically (Figs. 7 and 8). Effective permeability values are kd = 141 
mD, ks = 153 mD, and kv = 91 mD (Fig. 10). Values of kd, ks, and kv are 
intermediate between the arithmetic and harmonic means (Fig. 7). The 
proportion of high-permeability layers in model sub-volumes increases 
with increasing length along depositional dip and increasing thickness, 
and remains relatively stable with increasing width along depositional 
strike. Therefore, smaller models have lower effective permeability 
when cropped along depositional dip and vertically.

4.4. Impact of heterogeneity on REV dimensions

The REVs of different facies vary in their depositional dip, deposi
tional strike, and vertical dimensions, depending on the internal 
geometrical complexity of each facies (Figs. 5–7, S1-S9). A single 
permeability contrast, between low-permeability and high-permeability 
lithologies, was applied for each facies to determine the corresponding 
REV (Figs. 8 and 9). However, for facies Sp1 and St1, a range of 

permeability contrasts was explored to assess their impact on REV di
mensions. The findings indicate that varying the permeability contrast 
from a factor of 4 to 10 had minimal influence on the resulting REV 
dimensions. Even at high permeability contrasts above a factor of 40, 
there was no significant change observed in the REV dimensions. The 
REV dimensions and volumes reported above for each facies are sum
marised in Figs. 8 and 9. Trough cross-bedded sandstone facies (St1, St2) 
exhibits the largest REV (4.5 m3), although planar cross-bedded sand
stone (Sp1, Sp2) and low-angle cross-bedded sandstone facies (Sl) have 
REVs of comparable volume (Fig. 9). Smaller REVs characterise crinkly 
laminated sandstone (Sc), mottled and deformed sandstone (Smd), 
trough cross-laminated sandstone (Stl) and matrix-supported conglom
erate (Gmg) facies, with volumes ranging between 0.01 and 0.1 m3. 
Even these small volumes are two orders of magnitude larger than the 
volume of a typical core plug (3 × 10− 5 m3; Fig. 9). Parallel-laminated 
sandstone (Sh) and fine-grained sandstone and siltstone (Sss) facies 
are layered and hence they do not have an REV, whereas laminated 
mudstone (Fl) and structureless sandstone (Sm) facies are homogenous.

Of two scenarios for both planar and trough crossbedded sandstone, 
those with discontinuous clay-rich foresets (Sp2, St2) have larger REVs 
than those with continuous clay-rich foresets (Sp1, St1). Scenarios with 
continuous clay-rich sandstone foresets resemble layered systems such 
as parallel laminated sandstone (Sh) facies, resulting in a smaller REV 
compared to those in which the facies geometry differs from simple 
layering (cf. Jackson et al., 2003). Significant anisotropy is also observed 
between different scenarios. In planar cross-bedded sandstone (Sp), the 
REV in the depositional dip direction is seven times smaller in Sp1 than 
in Sp2 due to the pseudo-layered nature of the former.

From our results, it is evident that core plugs do not capture the REV 
for most facies in the Bunter Sandstone Formation (cf. Jackson et al., 
2003, 2005; Massart et al., 2016). Core plug permeabilities will be 
adequate for characterisation of facies which are simply layered, or 

Fig. 6. A) Perspective view of the 3D model of the parallel-laminated sandstone facies (Sh; Table 1, Fig. 4D) with continuous clay-poor (red) and clay-rich (blue) 
laminae with permeabilities of 600 mD and 200 mD, respectively. B-D) Effective permeability (kd, ks, kv) plotted against model sub-volume dimension: B) along 
depositional dip, C) along depositional strike, and D) vertically. Values of arithmetic and harmonic means, and the proportion of high-permeability lithology (clay- 
poor sandstone) are shown for comparison.
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Fig. 7. A) Perspective view of the 3D model of the mottled and deformed sandstone facies (Smd; Table 1, Fig. 4E) with discontinuous, lenticular sandstones and sand- 
filled cracks (red) and mudstones (blue) with permeabilities of 400 mD and 0.6 mD, respectively. B-D) Effective permeability (kd, ks, kv) plotted against model sub- 
volume dimension: B) along depositional dip, C) along depositional strike, and D) vertically. Values of arithmetic and harmonic means, and the proportion of high- 
permeability lithology (sandstone) are shown for comparison. Vertical and horizontal dashed lines show the REV dimension and the effective permeability, 
respectively, along the depositional dip, strike, and vertical directions.

Fig. 8. REV dimensions of different facies (Table 1, Figs. 4–7, S1-S9) along depositional dip, depositional strike, and vertical directions.
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uniform, isotropic systems, such as parallel-laminated sandstone (Sh), 
structureless sandstone (Sm), fine-grained sandstone and siltstone (Sss), 
and laminated mudstone (Fl) facies. However, significantly larger 

volumes are required for cross-stratified facies (Sp, St, Sl, Spmc) (Fig. 9).
Cross-bedded sandstone facies (St1, St2, Sp1, Sp2, Sl, Spmc) have 

effective permeabilities of 440–900 mD, 435–900 mD and 300–725 mD 

Fig. 9. REV volumes of different facies (Table 1, Figs. 4–7, S1-S9). The red line shows the volume of a typical core plug.

Fig. 10. Effective permeability of different facies (Table 1, Figs. 4–7, S1-S9) along depositional dip, depositional strike, and vertical directions (kd, ks and kv, 
respectively).
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in depositional dip, depositional strike and vertical directions (kd, ks and 
kv), respectively (Fig. 10). Differences in effective permeability values 
between these facies reflect differences in the 3D geometry of cross- 
stratification and the occurrence and distribution of clay-rich sand
stone laminae. Structureless sandstone (Sm) facies has an effective 
permeability of 650 mD in all directions. Planar laminated sandstone 
(Sh) facies has kd = ks and kv values of 530 mD and 400 mD (Fig. 10). 
Mottled and deformed sandstone (Smd), crinkly laminated sandstone 
(Sc), and fine-grained sandstone and siltstone (Sss) facies, which all 
contain siltstones, have significantly lower effective permeability values 
(kd = 52–187 mD, ks = 52–177 mD, kv = 43–130 mD). Laminated 
mudstone (Fl) and matrix-supported conglomerate (Gmg) have the 
lowest values of effective permeability, 0.2 mD and 17–23 mD, respec
tively (Fig. 10).

5. Discussion

5.1. Applications in subsurface modeling

5.1.1. Predicting permeability from core and wireline data
Core plug samples alone are insufficient to provide representative 

measurements of effective permeability for most facies. This limitation 
also applies to arithmetic, harmonic, and geometric mean values of 
permeability, which do not take geological heterogeneity and anisot
ropy into consideration. To obtain representative values, a substantial 
portion of the rock volume must be modeled using outcrop-informed 
geometries and architectures, a process that requires significant time 
and effort.

However, the proportion of high-permeability lithology in each 
facies exhibits a positive linear correlation with the normalized effective 
permeability (Eq. (1)) of the facies (Fig. 11). This relationship appears to 
be robust for kd, ks and kv for proportions of high-permeability lithology 
of 0.4 to 1.0 (Fig. 11). Previous research established similar predictive 
relationships for effective permeability as a function of mudstone 

content in heterolithic, wavy-bedded tidal sandstones using small-scale 
models (Jackson et al., 2003; Ringrose et al., 2005), but not in hetero
lithic cross-bedded tidal sandstones that contain mud drapes of variable 
and complex geometry, continuity and geometrical configuration 
(Massart et al., 2016). The effective permeability values and their cor
relation with the proportion of high-permeability lithology are accurate 
for the selected permeability values and contrasts observed in each 
facies. A variation of 10–15 % in effective permeability has been 
observed in facies Sp1 and St1 when the permeability contrast between 
the low-permeability and high-permeability lithologies are varied be
tween factors of 2 and 10. However, when the permeability contrast 
exceeds a factor of 40, effective permeability can vary significantly for 
facies Sp1, depending on their geometrical characteristics. At higher 
permeability contrasts, changes in vertical effective permeability are 
more pronounced than those in horizontal effective permeability.

For the facies of the Bunter Sandstone Formation and Sherwood 
Sandstone Group, the relationship between the proportion of high- 
permeability lithologies, such as clay-poor sandstone (Sp, St, Spmc, 
Sh, Sl, Stl facies) or sandstone (Smd, Sss, Sc facies), and normalized 
effective permeability can be a powerful tool for reservoir character
ization, potentially reducing the need for detailed facies modelling. 
Effective permeability can be estimated based simply on the proportion 
of high-permeability lithologies. While core data allow precise identi
fication of the proportion of high-permeability lithologies, wireline logs, 
particularly image logs, can also be used to estimate their proportion, 
making it feasible to apply this method in subsurface analysis without 
extensive coring. However, more heterolithic facies (e.g., with larger 
extremes in permeability and more complex geometrical configurations) 
may not exhibit this simple relationship (Massart et al., 2016).

5.1.2. Predicting horizontal to vertical permeability ratio
The ratio of vertical to horizontal permeability (kv/kh) across 

different facies ranges from 0.38 to 1.0, for the selected permeability 
values and permeability contrasts (Fig. 12A). Horizontal permeability 

Fig. 11. Plot of normalized effective permeability at the largest model volume against the proportion of the high-permeability lithology in different facies (Table 1, 
Figs. 4–7, S1-S9).
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Fig. 12. A) Plot of kv/kh at the largest model volume against the proportion of the high-permeability lithology in different facies (Table 1, Figs. 4–7, S1 -S9). B) For 
Sp1 and St1, kv/kh ratio at multiple permeability contrasts are plotted.
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(kh) was calculated from the arithmetic mean of the kd and ks. Laminated 
mudstone (Fl) and structureless sandstone (Sm) facies show high kv/kh 
ratios, of 1.0, indicating isotropic permeability. In contrast, planar cross- 
bedded sandstone with continuous clay-rich foresets (Sp1) facies has 
lower kv/kh ratio, around 0.4. Intermediate kv/kh ratios are observed in 
trough cross-laminated sandstone (Stl) and planar cross-bedded sand
stone with mud clasts (Spmc) facies, with values of approximately 0.7 
and 0.5, respectively. In Sp1 and St1 facies, the kv/kh ratio shows minor 
variation when the permeability contrast between low-permeability and 
high-permeability lithologies is varied by factors of 4 to 10. However, at 
higher permeability contrasts, the facies architecture has a stronger in
fluence on the kv/kh ratio. For instance, at a permeability contrast of 40, 
the kv/kh ratio in Sp1 decreases by 72 % compared to the ratio observed 
at a contrast of 5. In contrast, the reduction in kv/kh for St1 is only 7 % 
when the permeability contrast increases from 5 to 40 (Fig. 12B).

6. Conclusions

This study assessed the impact of sedimentological heterogeneity on 
the Representative Elementary Volume (REV) and calculated the effec
tive permeability of twelve fluvial facies in the Bunter Sandstone For
mation. Although there is significant variability in REV dimensions for 
different facies, larger rock volumes than standard core plugs are 
necessary for representative measurements in most facies, because they 
contain geometrically complex distributions of low- and high- 
permeability lithologies. Exceptions are layered (Sh, Ss) and homoge
neous (Sm, Fl) facies for which the effective permeability can be 
calculated using simple weighted averaging. The largest REV is exhibi
ted by trough cross-bedded sandstones (St1, St2), with dimensions 
ranging from 1.0 to 1.5 m, 2.0 to 3.0 m, and 1.2 to 1.5 m along depo
sitional dip, depositional strike, and vertically, respectively. REV di
mensions for planar cross-bedded sandstones (Sp1, Sp2) range from 0.5 
to 3.5 m along depositional dip and 0.8 to1.0 m vertically, while other 
cross-bedded facies (Sl, Spmc) have REV dimensions of 2.3 to 2.8 m 
along depositional dip and 1.3 to 0.7 m vertically.

Permeability anisotropy is observed, with distinct directional trends 
identified within most facies. The kv/kh ratio varies between 0.38 and 
1.0 across different facies, with higher permeability contrasts signifi
cantly reducing kv/kh ratio in certain facies. For permeability measure
ments in low- and high-permeability lithologies measured in core using 
a minipermeameter, planar cross-bedded sandstone with mud clasts 
(Spmc) exhibits the highest effective horizontal (kd, ks) and vertical (kv) 
permeabilities. Planar cross-bedded sandstones (Sp1, Sp2) and trough 
cross-bedded sandstones (St1, St2) also show high permeabilities. In 
contrast, facies such as crinkly laminated sandstone (Sc), fine-grained 
sandstone and siltstone (Sss), and mottled sandstone (Smd) exhibit 
moderate permeability, while laminated mudstones (Fl) and matrix- 
supported conglomerates (Gmg) are characterized by significantly 
lower effective permeability. A linear correlation is identified between 
the proportion of high-permeability lithologies (e.g., clay-poor sand
stone) and normalized effective permeability (relative to the perme
ability of low- and high-permeability lithologies). Determining effective 
permeability is often challenging due to the need for detailed data and 
time-intensive workflows. In contrast, estimating the proportion of high- 
permeability lithologies is straightforward and quick. Therefore, the 
proportion of high-permeability lithologies, as determined from core 
data, can be used as a reliable predictor of effective permeability in the 
Bunter Sandstone Formation as well as in comparable Triassic fluvial 
deposits across northwestern Europe and other regions.
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