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A B S T R A C T   

In this work, we apply digital rock physics (DRP) to characterize the pore networks of the Brae Formation 
sandstones from two different wells in the Miller field area (North Sea, UK). Using X-ray micro-CT scans, we 
calculate the porosity and permeability and generate pore network models to assess pore shape characteristics. 
The porous samples are marked by macroporosities ranging from 4.9% to 15.2% with the effective porosities 
varying from 0 to 14.8%. The samples also contained some microporosity hosted in secondary and accessory 
mineral phases, varying between 2.6% and 10.7%. Pore network model results for total porosity indicate that the 
samples have median pore and throat radii ranging from 5.5 μm to 16.8 μm and 6.4 μm–12.9 μm, respectively. 
The throat length of all samples has a median value ranging between 36.3 μm and 82.4 μm. The ratio between 
effective porosity and total porosity (φ∗) varies with total porosity (φ) following the exponential relation φ∗ =

0.98 − e− (φ− 0.032)/0.028. Pore network connectivity is established at a porosity of 3% and full communication is 
achieved at porosities exceeding 10%. Permeability was found to vary with total porosity with an exponent of 
3.67. Based on these observations and the results from our models, the connectivity of the pore network has 
important implications for predicting reservoir performance during large scale subsurface projects such as hy-
drocarbon production and CO2 storage.   

1. Introduction 

Generating an accurate reservoir model is of critical importance in 
forecasting the lifespan of hydrocarbon reservoirs and estimating the 
efficiency of carbon capture and sequestration. One critical parameter 
controlling the flow of fluids within subsurface reservoirs is the fraction 
of effective or connected pore spaces in the reservoir. Effective porosity, 
the primary conduit of porous flow, can be significantly smaller than the 
bulk porosity of the rock determined from well logs. In reservoir rocks, 
especially those containing clay minerals and accessory phases, a sig-
nificant part of the pore space can be trapped in micropores which are 
unfavorable to porous flow (Thomson et al., 2019; Bultreys et al., 2016). 
Additionally, effective porosity within the macropores—pores distrib-
uted along grain edges and corners—can be significantly lower than the 
total macroporosity. To quantify the connectivity of the pore space, it is 
therefore necessary to combine high resolution visualization of pore 
spaces with bulk measurements. 

In this work, we address the issue of quantifying effective pore space 

in a well studied suite of natural sandstones from a former producing 
hydrocarbon field in the North Sea. Using digital rock physics (DRP) 
techniques, we compare the pore network characteristics of the Brae 
Formation sandstones occurring at different depth intervals. The Brae 
Formation comprises primary reservoir rock in the Miller Oil Field, 
located at the western edge of the South Viking Graben (Rooksby, 1991). 
These rocks have been studied extensively in the context of hydrocarbon 
exploration and carbon capture and sequestration (Lu et al., 2011; Maast 
et al., 2011; Rooksby, 1991). 

The Southern Viking Graben is an Upper Jurassic rift basin con-
taining a major hydrocarbon province extending over the geographic 
border separating United Kingdom and Norway (Fig. 1A; Turner and 
Cronin (2018)). In particular, a large proportion of hydrocarbon re-
serves is contained in synrift deposits, which constitute the Brae For-
mation. The Kimmeridgian-Tithonian Brae Formation consists of the 
Brae 1 and Brae 2 zones representing the result of large volumes of 
clastic material that were sourced from the Fladen Ground Spur area 
into the South Viking Graben (Fig. 1B). Deposits result in unsteady 
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fault-controlled systems evolving into stready-state phases (sensu 
Chiarella et al., 2020 (in press)) fed through sand-rich turbiditic flows 
forming vertically- and laterally-stacked lobe elements (McClure and 
Brown, 1992). The Brae sandstone reservoirs are encased and distally 
interfingered within the organic-rich hemipelagic shale of the Kim-
meridgian Clay Formation (Rooksby, 1991). In this study, we focus on 
cores recovered from two wells, one from the Miller field (16/7b-20) and 
the other from the edge of the Central Brae field (16/7b-23), within the 
depth range between 4040 m and 4064 m. The two cored wells are from 
different locations within the turbidite fan system in the Brae-Miller 
field complex. Well 16/7b-23 is located proximal to the sediment 
source supply and major fault of the South Viking Graben, while well 
16/7b-20 is distally located, nearer the center of the graben. 

Previous studies on the reservoir characteristics of the South Viking 
Graben involved porosity derived from well logs (Maast et al., 2011; 
Rooksby, 1991) and studies of secondary mineral precipitation (Aase 
and Walderhaug, 2005; Lu et al., 2011; Marchand et al., 2001). These 
studies indicate that the bulk porosity at depths greater than 4000 m 
varies widely between 5% and 25% (Maast et al., 2011), with an average 
bulk porosity of 16% in the Brae Formation (Rooksby, 1991). Studies on 
the nature of secondary mineralization indicate that the pore space in 
the sandstone can be filled with varying amounts of clay, microquartz, 
or carbonate phases (Aase and Walderhaug, 2005; Lu et al., 2011; Maast 
et al., 2011; Marchand et al., 2001). Despite this array of studies on the 
nature of the Brae Formation rocks, the nature of connectivity of the 
pore spaces, values of pore and throat diameters, and the fraction of pore 
space trapped in the secondary mineral phases remain poorly under-
stood. Quantifying the factors controlling the connectivity of the mac-
ropores is crucial in estimating the permeability of the rock. 

A number of empirical studies highlight the importance of effective 
porosity on permeability of reservoir rocks (Gomez et al., 2010; Mavko; 

Nur, 1997; Revil et al., 2014). The relationship between porosity, φ, and 
permeability, k, is commonly expressed within the Kozeny-Carman 
relation of the form k∝φ3, which arises from a model of pores and 
throats situated along grain corners and edges. Experimental measure-
ments of permeability by Bourbié and Zinszner (1985) demonstrated 
that this model breaks down at low porosities, typically < 9 − 10%. 
Mavko and Nur (1997) suggested a modified form of the relation, 
k∝(φ − φp)

3, where φp = 2.5% is defined as the percolation threshold, to 
address the change in porosity exponent. A number of experimental 
measurements of permeability in various clean sandstones led to a 
number of different values of the porosity exponent and the percolation 
threshold (Doyen, 1988; Madonna et al., 2013; Gomez et al., 2010; Revil 
et al., 2014). Simultaneous determination of effective porosity and 
permeability in sandstones allows us to identify the role of pore network 
connectivity on permeability directly. Despite a number of measure-
ments of bulk porosity and permeability on the Brae Formation sand-
stone, direct constraints on the permeability arising from an analysis of 
the pore network still remains poorly understood. 

This work aims to bridge this gap by studying the characteristics of 
the pore network and simulating porous flow in the Brae Formation from 
high resolution computed microtomographic (micro-CT) volumes. In 
order to assess microporosity in secondary minerals and clay minerals, 
we compare our results with bulk porosity measurements using Helium 
pycnometry. Through X-ray micro-CT techniques, this study aims to 
characterize the pore volume properties of the Miller field (Brae For-
mation, Upper Jurassic, North Sea) cored in wells 16/7b-20 and 16/7b- 
23. Using a pore network model (PNM) approach to quantitatively 
classify pore space properties of each sample in terms of pore radius, 
throat radius, throat length and coordination number (number of throats 
connected to each pore). 

2. Materials and methods 

We prepared eight different samples for X-ray micro-CT image 
acquisition by creating 5 mm diameter core plugs. The acquired images 
were processed to segment the pore volume in each sample. The stacked 
images produced a 3D pore volume from which the total and effective 
porosity was measured. These 3D pore volumes were used further to 
measure the geometry of the pores and throats and to calculate the 
absolute permeability of each sample. In the following subsections, we 
outline the details of each of these steps. 

2.1. X-ray micro-CT image acquisition 

To acquire the micro-CT images, cylindrical shaped core samples 
were prepared. We used eight core samples from British Petroleum, 
collected within an interval of ∼5 m in well 16/7b-20 (between 4040.10 
m and 4045.13 m depths) and ∼4 m in well 16/7b-23 (between 4061 m 
and 4063.75 m depths). The 5 mm diameter core plugs used for micro- 
CT acquisition were drilled from sections of these 15 cm diameter cores. 
The diameter of the cylinders minimized X-ray absorption by additional 
sample mass outside the ∼4 mm diameter imaging volume. All 8 Brae 
Formation sandstone samples were labeled according to their depth 
(BFS1 to BFS8, see also Table 1) and marked to show orientation (way 
up) from which it had been sampled. Supplementary Fig. S1 shows an 
example of the original core and one of the ∼5 mm core plugs used 
during image acquisition. 

We acquired the X-ray images on a Zeiss Xradia Versa 520 scanner at 
the Imaging and Analysis Center at The London Natural History 
Museum. The hardware utilizes a transmission source generating poly-
chromatic X-rays with an energy range between 30 and 160 kV and a 
maximum power capability of 10 W. The X-ray tube generates a focal 
spot size, which is small enough to provide sufficient spatial coherence 
to utilize phase contrast enhancement. Increasing the sample-detector 
distance to 14 mm allows to detect interference fringes at object 

Fig. 1. (A) Map of the North Sea showing the position of the studied system. (B) 
Depositional map of the Miller Fan system (Brae Formation) with the position of 
the studied pair of cored wells. 
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boundaries in the images, including mineral phase boundaries inside the 
rock. Depending on the rock type (composition and grain size) a voltage 
of 80–100 kV was selected to optimize X-ray transmission. A full 360◦

rotation was used to collect 3201 projections for each scan to minimize 
reconstruction artifacts. A camera binning of 2× 2 was applied to 
samples requiring higher voltage during the acquisition in order to in-
crease the signal-to-noise ratio and improve overall contrast. Depending 
on the nature of the sample, we acquired images of resolution 2 μm3 

voxels and 3.9 μm3 voxels. The image resolution for each sample is re-
ported in Table 1. Data reconstruction was performed using the Zeiss 
Reconstructor Scout-and-Scan software. A filtered back projection al-
gorithm with beam hardening correction was used to reconstruct the 
projections to produce a stack of 16-bit tiff images. In the next step, we 
processed each stack of gray scale images. The micrographs in Fig. 2 
show slices of raw gray scale images from each sample. 

2.2. Filtering and segmentation 

We carried out the image analysis and simulations using the software 
PerGeos - Thermo Fisher Scientific. The raw gray scale images (e.g. 
Fig. 3 (a)) are filtered to reduce noise, to smooth the image pixels, and to 
increase the contrast between pore space, quartz grains and other pha-
ses. The non-local means filter (Buades et al., 2008, 2010) was applied to 

all images. Fig. 3(b) highlights the results of the non-local means filter, 
with enhanced image quality and no apparent loss of microstructural 
detail. The 3D images used in this study were largely free from artifacts 
such as beam hardening and bright fringes along mineral grains 
(Thomson et al., 2018), therefore, no special filtering was necessary. 

The filtered images were segmented to separate macropores from 
other phases, such as quartz, feldspar, carbonates, and clays (Ketcham 
and Carlson, 2001; Wildenschild et al., 2002; Iassonov et al., 2009). All 
the samples used in this study contained variable amounts of micropo-
rosity, associated with micron to submicron sized pore spaces, and are 
included in secondary mineral growths and clay minerals. The dimen-
sion of these micropores are beyond the resolution of the scanner, pre-
cluding a quantitative estimate of microporosity based on the 
microtomographic images (Thomson et al., 2019). As a result, we 
employed a binary segmentation technique. In this method, we segment 
the images into two phases: macropores and solids. Fig. 3(c) shows a 2D 
slice following the binary segmentation of the macroporosity phase 
(blue). The macroporosity consists of both pores and throats, with pores 
located at grain corners acting as a junction between two or more throats 
that form along the edge of grains. Solids comprise of all mineral grains 
as well as parts of the matrix containing microporosity. We carried out 
the pore network modeling in the macropores, while the volume fraction 
of micropores were determined by the use of Helium pycnometry 

Table 1 
Summary of sample data used in this study, including sample name, well ID depth interval, and voxel resolution.  

Sample Well ID Depth (m) Macroporosity (Effective)%  Microporosity%  Permeability (mD) 

BFS1a 16/7b-20 4040.10 7.2±0.4 (5.8)  10.4 ± 1.4  91.2 
BFS2a 16/7b-20 4041.35 7.1±3.2 (5.7)  8.3 ± 0.3  86.3 
BFS3b 16/7b-20 4043.75 8.0±0.2 (6.4)  10.2 ± 1.7  7.6 
BFS4b 16/7b-20 4045.13 9.6±1.0 (9.1)  7.7 ± 2.3  104.2 
BFS5b 16/7b-23 4061 7.8± 0.5 (5.1)  10.7 ± 1.0  6.7 
BFS6a 16/7b-23 4062 4.9± 0.6 (0.0)  7.2 ±0.6  0.0* 
BFS7b 16/7b-23 4063 0.0 2.6 ± 0.7  0.0* 
BFS8a 16/7b-23 4063.75 15.2 ± 2.0 (14.8)  3.5 ± 0.2  795.1 

*Zero effective porosity. 
a Voxel size 3.9 μm3. 
b Voxel size 2.0 μm3. 

Fig. 2. Gray scale image slices of the eight samples studied in this work. The panels are arranged numerically from samples BFS1 (a) to BFS8 (h). The scale bar in 
each image represents 700 μm. Resolution of the images in voxel size are reported in Table 1. 
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measurements. 
In the binary segmentation method, we selected the two phases using 

both an automated segmentation technique (Otsu, 1979) and a manual 
interactive thresholding selecting the peaks on the bimodal histogram of 
gray scale intensity. The phases are defined based upon their gray scale 
color, which is a function of X-ray attenuation, related to the density of 
different materials in the samples. Fig. 4(a) shows a 3D volume 
rendering visualization of the filtered raw data, highlighting a very dark 
gray/black shade that belongs to the macropore space; the micropores 
were marked by specular patches of dark gray, surrounded by a lighter 
gray; while quartz grains and other minerals such as carbonates and clay 
minerals are associated with lighter shades of gray, forming a broad 
peak at the higher intensity end of the spectrum. For the threshold 
segmentation of the macropores, we assigned pixels from the peak at the 

low intensity end of the gray scale histogram. All samples have pixel 
intensity values between a range of 0 and 6200 for the macroporosity. A 
number of previous studies explored the relative merits of automated 
global segmentation and local segmentation methods (Iassonov et al., 
2009; Pal and Pal, 1993; Sezgin; Sankur, 2004; Trier and Jain, 1995) 
While an automated thresholding algorithm circumvents the possibility 
of operator bias, this method can neglect local variations in gray scale 
intensity, leading to over or underestimation of macroporosity (see 
Thomson et al., 2019, and references therein). While we calculated the 
porosity using both techniques, we found that the automated thresh-
olding method consistently led to inaccurate phase boundary detection 
when compared with the original gray scale images. We report the 
macroporosity calculated using both techniques in Table 1 in the sup-
plement, but in the main article and subsequent calculations, we use our 

Fig. 3. Image processing steps: (a) 2D slice of the raw image data with zoomed inset showing speckled pixelated texture, (b) 2D slice following non-local means filter 
with zoomed inset showing smoothed pore and grain texture, and (c) 2D image showing segmentation of the macropore phase (blue). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Raw image and pore network model output from sample BFS8. (a) A 600× 600× 900 voxels 3D stack of gray scale images. (b) Volume rendering of effective 
porosity (blue) and unconnected pore spaces (red). (c) Pore network model of total porosity, scaled to show pore radius and throat radius, where red spheres 
represent pores and gray cylinders are throats. This sample contains a total porosity of 15.2 vol% and an effective porosity of 14.8 vol%. Scale bar = 500 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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preferred results from manual thresholding. To ensure that the macro-
pores were represented accurately, pixels assigned to the macropore 
phase were checked visually at various intervals in the samples (e.g. top, 
middle, bottom). We used this process to check that the pixels selected as 
part of the macroporosity network were consistent throughout the 
sample and to avoid the unwanted inclusion of pixels from other 
materials. 

2.3. Pore network modeling and microporosity 

The first step in pore network modeling is the determination of total 
macroporosity. We use the macropore space from the binary segmented 
images to evaluate total macroporosity. To quantify the uncertainty in 
the total macroporosity in each sample, we evaluated the total macro-
porosity over a number of regions of interest (ROI) of different di-
mensions. We then take the maximum variation in the calculated 
macroporosity and report this variation as the uncertainty. All porosity 
measurements and the dimensions of their ROIs are reported in Table 1 
of the supplement. Once the total macroporosity was evaluated, we then 
quantified the effective macropore space. 

We used the segmented gray scale images to quantify the macropore 
network characteristics, and to evaluate the permeability through nu-
merical simulations. To provide the most representative data, samples 
were cropped to volumes just below that of their maximum dimensions. 
For samples acquired with voxels dimensions of 2.0 μm3, we specified a 
ROI of dimension 600× 600× 900 voxels. The samples acquired at 
lower resolutions of 3.9 μm3 had ROIs of 1200× 1200× 1800 voxels. As 
discussed earlier, in this study the focus of our digital rock physics 
analysis is entirely on the macroporosity of the sandstone samples. 

In order to characterize the geometry of the pore volume, the 3D 
segmented label fields must be processed by a skeletonization algorithm 
(See Thomson et al. (2018, 2019) for additional information about the 
algorithm). The pore network model extension in PerGeos uses a hybrid 
algorithm (Youssef et al., 2007) to erode the 3D pore geometry into a 
one voxel thick skeleton. The skeleton retains the original geometry of 
the pore network and is used to calculate the length and connectivity of 
each line. Throats are identified as the one voxel thick lines on the 
skeleton, while pores are defined as the junctions where two or more 
throats intersect. The number of throats intersecting a pore is defined as 
the coordination number of the pore. Pores and throats are designated 
based on a known extreme radius and their dimensions are calculated 
based on the expansion of a sphere within pores and the length and 
equivalent hydraulic radius in each throat. Results of the algorithm 
include both numerical data (e.g. coordination number, pore radius, 
throat radius, and throat length) and 3D volumes (node and branch 
representations). 

The pore network model was used to measure the pore geometries 
for both total porosity and effective (connected) porosity. The volume 
fraction of total porosity was calculated by combining each voxel 
assigned to the pore space to produce a 3D volume. To calculate the 
effective porosity, the total pore space was further processed to deter-
mine a percolation threshold. If a network of pores connects at least one 
pair of opposing faces of the 3D volume, then the network is classified as 
effective. Pores made up of voxels that do not contribute to the effective 
network are classified as isolated and are filtered as a consequence of the 
axis connectivity algorithm. Once the pores and throats involved in the 
connected network are identified, the effective porosity is calculated 
based on their representative voxels. Fig. 4(b) shows a 3D volume 
rendering visualization of the effective pore network (blue) and isolated 
pores (red) in sample BFS8. Fig. 4(c) shows a pore network model rep-
resentation of the total porosity found in sample BFS8. In this idealized 
model, the pores are shown as red spheres, while throats are displayed as 
gray cylinders. These models can provide useful visual aids to compare 
and contrast the frequency of large pores and throats in each sample. 

In order to account for microporosity in the samples, we carried out 
bulk porosity measurements using Helium pycnometry. We used two 

sets of samples to carry out these measurements. In the first set of 
measurements, we used the cylindrical samples that were used to obtain 
the micro-CT images. In the second set, we prepared larger cylinders of 
the rocks from the same core. Details of the Helium porosity measure-
ments are provided in the supplementary material. Since the Helium 
pycnometer measures both the effective micro and macroporosity, we 
calculated the microporosity by subtracting the macroporosity from the 
Helium pycnometry measurements. 

2.4. Permeability simulations 

The 3D images for the effective pore network were used to assess the 
absolute permeability in each sample. Since these are the only pores 
considered to contribute to flow, the isolated pores that do not form part 
of the effective 3D network are ignored. A finite volume solver (from the 
petrophysics module in PerGeos) was used to calculate the flow of water 
through the effective pore space. The equations for mass and momentum 
conservation for the fluid flow are 

∇ ⋅ u = 0, (1)  

− ∇P + μ∇2u = 0, (2)  

where u is the fluid velocity vector, P is the pressure and μ is the viscosity 
of water (= 1 × 10− 3 Pa s). The boundary conditions for the simulation 
are described in detail by Thomson et al. (2018). We used an iterative 
solver to determine the velocity and pressure. The iterations were 
continued until the L2 norm of the residuals reached a predetermined 
tolerance level. As shown by Thomson et al. (2019) the tolerance level 
for error, ε, strongly determines the numerical value of permeability 
obtained from the simulations. Using a predetermined value for ε ≤

10− 6 the permeability is measured and compared between all samples 
with an effective pore network. 

3. Results 

The results of porosity and permeability analysis from our images are 
displayed graphically in Fig. 8. Additional detailed information on the 
porosity and permeability is provided by quantitative analysis in Section 
3.1. The results from porosity, pore network modeling and permeability 
image analysis are summarized in Table 1 of the supplementary mate-
rial. The results of the pore network modeling are described in Section 
3.2. 

3.1. Total and effective porosity 

The total porosity is given by the inclusion of effective and isolated 
pores in the samples that were analyzed. All but one of the samples has 
visual porosity, which, based on our methods, provided measurements 
for total and effective pore networks in most samples. Sample BFS7 was 
the only rock type that appears cemented and does not show clear pore 
spaces (Fig. 2(g)). Across the two cored wells, measured porosity ranged 
from 4.9% to 15.2%. 

The samples from well 16/7b-20 range in total macroporosity from 
7.1% to 9.6%, with a mean value of 8.0%. Effective porosity values 
range from 5.7% to 9.1%, with a mean value of 6.8%. Within the narrow 
range of depth in our dataset, no distinct correlation between porosity 
and depth was observed. As indicated in Table 1, the average bulk 
porosity (macro and micro combined) in this well is 17%. This value is in 
good agreement with the 16% bulk porosity estimated by Rooksby 
(1991). The samples acquired from well 16/7b-23 have total porosity 
ranging from 4.9% to 15.2%, with a mean value of 9.3%. The pore space 
in one of the samples from this well, BFS7, was completely replaced by 
carbonate precipitates (see Fig. 2(g)). In another sample, BFS6, the 
macroporosity was 4.9%, without a detectable effective network. Fig. S2 
within the supplementary material shows the volume rendering 
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visualization for all samples with a pore network, including sample BFS6 
(f) with no connected, effective pore space. As a result, these two sam-
ples were unusable for permeability simulations. Of the two samples that 
have an effective network of pores, their volume fractions are 5.1% and 

14.8%, with a mean value of 12.6%. These measurements were per-
formed on the largest ROI to give the most representative data possible. 
Much like the analysis in the previous well, we do not observe any 
particular trend in porosity with increasing depth. 

Fig. 5. Log normal distribution of pore and throat geometries in the total pore network ((a) and (b)) and effective pore network ((c) and (d)). The left column 
illustrates the distribution of pore radii, while the right column displays the distribution of throat radii. The histograms have been normalized to emphasize the 
distinction between them. 

Fig. 6. Pore geometry characteristics for the seven samples in this study. The panels display log-log plots of (a) pore radius, (b) throat radius, (c) mean coordination 
number, and (d) throat length as a function of total porosity. Core-derived data from wells 16/7b-20 and 16/7b-23 are symbolized by circles and squares, 
respectively. Filled symbols represent data that display effective porosity while open symbols indicate data that make up total porosity. 
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3.2. Pore network modeling 

Output from the pore network models reveal a number of distinct 
features of total and effective macroporosities. First, we compare the 
distribution of pore and throat radii in the total porosity and effective 
porosity. The histograms in Fig. 5 compare the histograms of logarithmic 
pore and throat radii in total porosity (panels (a) and (b)) with those in 
effective porosity. The pore radius of the total pore space in all samples 
show a peak near the low end in Fig. 5(a). This peak, consisting of small 
pores, disappears in the distribution of effective porosity. Comparison of 
the two distributions suggests that the total macroporosity consists of a 
large number of small, unconnected pores, while the effective pore 
network consists of fewer, larger pores. The throat radii of the total pore 
space in Fig. 5(b) and effective pore space in panel (d) both display 
bimodality. Neither distribution contains a large peak at the low values. 
Unlike the pore radii, the peaks of throat radii do not show a significant 
shift to the high values from total to effective porosity. We present the 
median values of the pore and throat radii, throat lengths, and coordi-
nation numbers for all samples in Table 1 of the supplementary material. 

An increase in porosity results in larger, better connected pores and 
throats with considerable variations in the pore network characteristics. 
The nature of the variation, however, is different between total and 
effective porosity. In Fig. 6, we plot these variations in median pore radii 
(panel a), median throat radii (b), mean coordination number (c), and 
median throat lengths (d). The data from effective porosity are plotted as 
filled symbols, while the data from total porosity are plotted as open 
symbols. The sample names are annotated in the legend. While both data 
sets in panel (a) show that the pore radius increases with an increase in 
porosity, the median pore radius for effective pores are larger than the 
total porosity. Despite this difference, the general trend indicates that 
more porous rocks are characterized by larger pores. This behavior of 
the pores is also supported by the trend of mean coordination number 
with porosity. In total porosity, the mean coordination number shows a 
3/4 power law relation with porosity as shown by the slope of the log-log 
plot in panel (c). This variation is practically absent in effective porosity, 
with mean coordination numbers varying within the narrow range of 
3–4 and a log-log slope of 0.08, indicating that the pores in a effective 
network must be above a threshold value. In contrast, the median throat 
radius and length in panels (b) and (d) do not display any significant 
variations between the two sets of porosities, but show a general trend of 
increase in value with an increase in porosity. 

Taken together, the results indicate that pores, junctions in the 
network, play a crucial role in the effectiveness of the network. Rocks 
with higher porosity are characterized by larger pores with higher co-
ordination numbers. The results presented here on coordination number 
of pores are very similar to previous studies involving image analysis 
and modeled microstructure (Bernabé et al., 2010; Lindquist et al., 
2000; Thomson et al., 2018). Theoretical models and analogue material 
studies also indicate that mean coordination number or the degree of 
connectivity of a solid phase increase with the increase in phase volume 
fraction in the material (van de Lagemaat et al., 2001; Zou et al., 2003; 
Bertei; Nicolella, 2011; Wimert; Hier-Majumder, 2012). To establish an 
effective pore network, a coordination number of at least 3 is required. 
The distinction between total and effective porosities are sharpest at low 
values of total porosity. 

The effectiveness of pore space becomes more obvious when we 
compare the effective porosity with the total porosity. The plot in Fig. 7 
(a) compares the effective porosity and the total porosity from our 
samples. We also include data from the pore network models of sand-
stones and limestones by Thomson et al. (2019) for comparison. To aid 
visualization, we plotted a line with a slope of 1 in the figure. At total 
porosities exceeding 10%, the effective porosity is nearly the same as the 
total porosity, as the data points fall on the line with a slope of 1. At 
lower values of total porosity, the effective porosity drops sharply, along 
the dashed line shown in the figure. This behavior becomes more 
prominent when the ratio between effective and total porosity is plotted 

against the total porosity in Fig. 7(b). As both sets of plots indicate, three 
distinct regimes can be identified from the plot. Above 10% total 
porosity, nearly 100% of the porosity is effective. We call it the fully 
effective regime. Below this threshold, the effective porosity drops 
sharply with a decrease in the total porosity. This is the regime of a 
partially effective pore network. With further reduction in porosity, the 
effective pore fraction eventually becomes zero, leading to the zone of 
isolated pore spaces. Our results indicate that this value is near a total 
porosity of 3%, similar to previously published estimates of percolation 
threshold of 2.0%–2.5% (Gomez et al., 2010; Revil et al., 2014; Mavko; 
Nur, 1997). The ratio between effective and total porosity, φ∗, can be 
expressed as a decaying exponential function φ∗ = a − e− (φ− b)/c of total 
porosity, φ. We overlay a fit of this function to the combined data set in 
Fig. 7(b) with the values of the parameters a, b, and c displayed on the 
plot. This function is useful in providing a first-order quantitative 
evaluation of reservoir quality in tight reservoirs typically marked by 
low total porosity. These results also outline the importance of pore 
network modeling in understanding the nature of connectivity of 
reservoir rocks, results that are not attained by traditional bulk porosity 
measurements. 

Fig. 7. The effectiveness of pore space in fluid transport. (a) Effective (con-
nected) porosity of the rock as a function of total macroporosity. The solid black 
line shows the 1:1 correlation. (b) The ratio between effective and total porosity 
as a function of total porosity. The symbols are the same as in Fig. 8. The dashed 
blue line is the fit to the data and the equation to the fit is annotated in the plot. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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4. Discussion 

4.1. Comparison with previous permeability measurements 

Effective porosity plays an important role in controlling the perme-
ability of reservoir rocks. A study on experimental determination of 
permeability of clean Fontainebleau sandstones by Bourbié and Zinszner 
(1985) demonstrated that the porosity exponent, n, in the 
Kozeny-Carman relation k = k0φn changes from the classical value of 3 
to a much higher value of up to 7 as the total porosity decreases below 
9%. Citing the role of a percolation threshold, φp = 2.5%, Mavko and 
Nur (1997) proposed a modified form of the Kozeny-Carman relation, 
k = k0(φ − φp)

n, which provided a uniform value of n = 3 for the entire 
range of porosities. Later experimental determinations of permeability 
showed that this percolation threshold shows some variation between 
different rock types, but usually varies between 2.0 and 2.5% (Gomez 
et al., 2010; Revil et al., 2014). In these studies, the percolation 
threshold was determined by fitting the experimental data. This value, 
however, is quite similar to the value of ∼3% total porosity at which we 
observe the establishment of a effective pore network in our samples. We 
also notice that the value of porosity at which the slope of the 
porosity-permeability curve changes is very close to the value of full 
connection threshold (8–10%) reported in Fig. 7. Information on pore 
network connectivity was unavailable for the studies by Bourbié and 
Zinszner (1985) and Mavko and Nur (1997). The results presented here 

shows that the two crucial porosity values, the percolation threshold and 
the slope-break, are associated with the isolation threshold and full 
connection threshold. 

Using the modified Kozeny-Carman relation, Mavko and Nur (1997) 
obtained a value of the porosity exponent n = 3. Later studies by Gomez 
et al. (2010) and Revil et al. (2014) found that the value of n varies 
between 4.0 and 4.5 for a percolation threshold of 2%. Another set of 
experimental measurements of permeability by Doyen (1988) found that 
using the traditional Kozeny-Carman relation, the porosity exponent is 
3.8 over a range of total porosity between 5 and 22%. All of these ex-
periments were carried out in clean sandstones containing negligible 
amounts of microporosity. Since our macropore network only consti-
tutes of porosity along grain edges and corners, our numerically deter-
mined macroporosity and permeability from the Brae Formation 
sandstone can be directly compared to the raw data from these studies. 

In the six samples where we were able to identify an effective 
porosity, the permeability varied by two orders of magnitude between 
7.6 mD and 795.0 mD. We compare the data from the simulations in this 
study with previous simulation results (e.g. Thomson et al. (2019)) and 
laboratory experiments (Doyen, 1988; Madonna et al., 2013; Bourbié; 
Zinszner, 1985; Gomez et al., 2010; Revil et al., 2014) in Fig. 8. In this 
plot, we overlay a fit of the Kozeny-Carman relation k = k0φn to the 
simulation data from this study and Thomson et al. (2019). The values of 
the parameters k0 and n are annotated on the plot. The porosity expo-
nent (n) within the range of our numerical simulations is 3.67, quite 
similar to the value of 3.8 obtained by Doyen (1988). While the porosity 
exponents of the modified Kozeny-Carman relation from the study of 
Gomez et al. (2010) and Revil et al. (2014) are not directly comparable 
to our fit, we find that the raw data of these studies are largely similar. 
We also created a fit of permeability as a function of effective porosity, 
which yielded a slightly lower porosity exponent of 3.3. As discussed 
earlier, at porosities < 10%, the slope becomes steeper. While the 
permeability measurements from our models agree quite well with 
previous empirical data and models, we recognize the fact that empiri-
cally determined values of percolation threshold may not reflect the 
accurate values at which connection is established. Thus, a clearer 
insight into the nature of porous flow in reservoir rocks can be achieved 
when permeability measurements are accompanied by pore network 
models. 

4.2. Microporosity 

In the North Sea, at depths of greater than roughly 2500 m, quartz 
and calcite cementation is considered the main porosity-reducing pro-
cess (Bjørlykke et al., 1992; Giles et al., 1992; Marcussen et al., 2010; Lu 
et al., 2011). Micro quartz cements range between 3 and 15% while 
calcite cements range between 0 and 4% in zones that are devoid of 
calcite concretions and between 20 and 40% in calcite concretion zones 
(Lu et al., 2011). In addition, the Brae formation sandstones can contain 
up to 8% clay, muscovite and lithic fragments. These secondary and 
accessory phases act as sites of microporosity, which can be sampled by 
bulk porosity measurements but do not participate in fluid percolation. 

In agreement with previous studies on the Brae Formation, our 
samples contain variable amounts of microporosity, typically associated 
with clay minerals and secondary mineral phases. While a detailed 
evaluation of the microporosity is outside the scope of this article, we 
present some Scanning Electron micrographs of several regions of in-
terest in samples BFS1 (a), BFS6 (b), BFS4 (c) and BFS8 (d) in Fig. 9. The 
images in Fig. 9(a) and (b) show macropore spaces partially filled with 
microcrystals, rendering the individual pore into a microporous region. 
The presence of these microcrystals supports previous observation of 
micro-quartz coating in the Miller field sandstones (Aase and Walder-
haug, 2005). Fig. 9(c) and (d) both show the void space filled by a 
fibrous texture. These micrographs demonstrate the abundance of 
microporosity in our samples. 

One of the key challenges in micro-CT analysis of porous media is the 

Fig. 8. Plot of permeability as a function of total macroporosity. Square sym-
bols indicate data from the measurements reported in Table 1. For comparison, 
we also included data points from Thomson et al. (2019), marked as THHM19 
in the legends. Open symbols indicate porosity and permeability measurements 
from laboratory experiments of Doyen (1988); Madonna et al. (2013); Bourbié 
and Zinszner (1985); Gomez et al. (2010) and Revil et al. (2014). The solid line 
is a fit to the data with filled symbols of the form k = k0φn, where k is 
permeability, measured in mD, k0 is a constant, φ is total macroporosity, and n 
is the porosity exponent. 

P.-R. Thomson et al.                                                                                                                                                                                                                           



Marine and Petroleum Geology 122 (2020) 104614

9

inclusion of microporosity for accurate porosity and permeability mea-
surements. In recent years, several efforts have been made to include 
porosity at both macro and micro scale using dual-scale models (e.g. 
Mehmani et al. (2019); Mehmani and Prodanović (2014); Bultreys et al. 
(2016); Soulaine et al. (2016). An alternative approach is to assess the 
upper and lower limits of the influence of microporous cements on 
permeability (Thomson et al., 2019). The lower limit, like in this article, 
considers the micropores as completely impermeable, and fluid flow is 
only modeled through the macropore network. Since the micropore 
spaces between microcrystals and fibrous textures are beyond the 
detection limit of the scanner, we treated these microporous regions as 
part of the solid matrix during image segmentation. The analysis 
involving the upper limits considers the micropores as completely void 
and 100% permeable. While this does not directly quantify the influence 
of microporosity, it provides a margin of error for permeability mea-
surements using digital methods. The findings of the upper bounds are 
reported in a forthcoming publication (Thomson et al., 2020). In 
contrast, low viscosity Helium gas used in Helium pycnometry can 
penetrate these microporous regions and incorporates the volume of 
pore space included in the microporosity. As the results from the Helium 
pycnometry measurements indicate, these samples contain a significant 
amount of microporosity. 

4.3. Depositional environment and DRP 

The 3D micro-CT image analysis indicates that samples from the core 
that was recovered from well 16/7b-20 have a more homogeneous in-
ternal organization compared to the samples from well 16/7b-23. The 
reason for such variability in facies and porosity can be attributed to 

deposition in two different regions within the same depositional area. In 
particular, the core from well 16/7b-23 penetrates a more proximal 
area, possibly characterized by higher lateral and vertical facies vari-
ability, and moderately sorted sediments. Conversely, although the two 
wells are located relatively close (∼2 km) to each other (Fig. 1B), the 
core from well 16/7b-20 penetrates an area relatively more distal, 
sourced from a lateral entry point, and characterized by more mature 
and well sorted sediments. 

This study illustrates variations in macroporosity in a number of 
sandstone samples at increasing depths across two cored wells in the 
Miller field complex of the North Sea, South Viking Graben. This area is 
known for its large regional variation in reservoir quality of deeply 
buried (> 4000 m) sandstones belonging to the Upper Jurassic syn-rift 
sequences. Despite these sandstones having similar texture and miner-
alogy throughout the area, the porosities are known to range between 
5% and 25% (Maast et al., 2011). Our porosity measurements fall within 
this range and we observe some sample intervals with greater porosities 
and permeabilities occurring at greater depths (e.g. BFS4 and BFS8), 
while others (e.g. BFS3) are from shallower intervals and display much 
reduced porosity and permeability. 

4.4. Implications of pore network connectivity 

As the demand for hydrocarbons is expected to continue into the near 
future and we look to use preexisting reservoirs as potential depositories 
for CO2 and other waste products, it is crucial to have a better under-
standing of pore network connectivity and its control on the rocks ability 
to store fluid and permit flow. The observations and results of this study 
indicate the important implications of pore network connectivity for 

Fig. 9. SEM images showing examples of microporosity below resolution of micro-CT images used in this study. (a) BFS1 with fragmented rock particles and void 
spaces in between individual grains, (b) BFS 6 showing micro quartz, and fibrous growths in (c) BFS4 and (d) BFS8. 
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predicting reservoir quality and performance in subsurface formations. 
Rock formations containing intervals of relatively poor reservoir quality 
(between 3 and 10% porosity) are undesirable during conventional 
hydrocarbon production as these can act as baffles to fluid flow, how-
ever these may be much more attractive during CO2 injection, when the 
goal is for long term storage in the subsurface. On the other hand, for-
mations with good reservoir quality, those with porosity exceeding 10%, 
will be expected to perform much better during oil and gas production, 
and can also form more favourable targets for CO2 storage projects, 
particularly if the sealing capacity is high and there is low potential for 
CO2 to breach and escape the formation. The understanding of pore 
network connectivity plays an essential role in predicting the reservoir 
performance of deeply buried rock formations. 

While our hypothesis of the three regimes are robust for the scale of 
resolution of the images, it needs to be further tested. Future work on the 
relationship between effective porosity and total porosity—determined 
from multiple resolutions and length scales—will be crucial to deter-
mine a number of factors. First, such studies will be able to identify the 
possible existence of any correlation between the length scales of sam-
ples and the boundaries of the three regimes reported above. Second, the 
existence of such studies will be able to identify the length-independent 
representative elementary volume (REV) for such samples. Finally, the 
knowledge of the REV will allow extrapolation and upscaling of these 
results to reservoir scale simulations. 

5. Conclusions 

We studied the macropore network characteristics from 8 samples of 
Brae Formation sandstone from the South Viking Graben in the North 
Sea. Our results show that the samples contain variable amounts of 
micro and macroporosity. Our pore network analysis indicates three 
regimes of pore network connection. At macroporosity values < 3%, the 
macropore network becomes disconnected, while full connection is 
achieved at total porosities above 10%. Permeability of the rocks vary 
between 7.6 and 795.0 mD, with a Kozeny-Carman porosity exponent of 
3.67. The pore network connectivity regimes and the permeability re-
sults agree well with existing measurements on sandstones. 
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