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During deposition and subsequent diagenesis, reservoir rocks develop sediment texture

and cement phases are formed during the precipitation of secondary minerals such as

microcrystalline quartz, calcite and clay fibrous over-growths that contain secondary

porosity. The grain size distribution and presence of secondary microporous material

can influence the reservoir porosity and permeability. Using 3D X-ray microtomographic

images we analyze the grains and pore space in Brae Formation sandstones from the

South Viking Graben in the North Sea. The samples—derived from two cored wells

(16/7b-20 and 16/7b-23), and located within the depth interval between 4,040 m and

4,064 m—display mean grain sizes between 315 and 524 microns (1.78–1.05 φ units),

classifying them as predominantly medium-grained sands, with moderate to well-sorting

(0.51–0.7 φ units). From our models we calculate the upper and lower bounds of the

micropores on the pore connectivity and permeability. Our samples show total porosities

between 10 and 18% of which 6 and 13% are effective, leading to a permeability range

between 1 and 400 mD through the effective macropore network. We found that the

fraction of effective porosity and effective permeability shows a non-linear reduction with

increase in microporous cement volume fraction. Above a threshold cement volume

of approximately 5.5% the effective pore network is disconnected and percolation

is no longer possible. Based on our observations and modeling results we propose

that cement precipitation can be a positive consequence of mineral trapping from

sequestered CO2, which can be important for reducing reservoir quality and ensuring

efficient long term storage.

Keywords: digital rock physics, 3D grain size, porosity, microporosity, cementation, Brae Formation sandstone,

permeability, petrophysics

1. INTRODUCTION

The South Viking Graben is an important hydrocarbon bearing region in the North Sea. One of the
several oil fields in this region is the Miller field, located within the UK sector of the North Sea. The
main hydrocarbon bearing reservoir in the Miller field is the Jurassic Brae Formation sandstone
(Rooksby, 1991; Maast et al., 2011). Consisting primarily of submarine fan deposits, the Brae
Formation sandstones are characterized by relatively high porosity (Rooksby, 1991) with secondary
mineral phases such as microcrystalline quartz and calcite occupying grain surfaces and pore spaces
(Aase and Walderhaug, 2005; Lu et al., 2011; Maast et al., 2011). These secondary phases contain
microporosity, which can influence the effective permeability of the rock. While the oil production
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in the Miller Oil field ceased in 2007, due to the high porosity
and existing infrastructure, this field can be potentially used as a
future location for deep geological carbon sequestration (Lu et al.,
2009). For such future applications, it is important to identify the
factors that control the reservoir qualities such as porosity and
permeability of the Brae Formation sandstones.

While a number of previous studies looked into the large scale
reservoir properties of the Brae Formation sandstone (Rooksby,
1991; Maast et al., 2011) or the nature of secondary phases
(Aase and Walderhaug, 2005; Lu et al., 2011; Maast et al.,
2011), quantitative, 3 dimensional grain scale analysis of the Brae
Formation sandstones remain relatively scarce. We aim to bridge
this gap in this article and a companion article (Thomson et al.,
2020) by studying core samples from twowells within the western
sector (16/7b) of the Miller field. In the companion article, we
reported the characteristics of 3D pore network and identified
the connection threshold of the macroporous network in the
Brae Formation and a suite of other similar sandstones. In this
study, we focus on the grain size distribution and the influence of
microporosity on the permeability of the Brae Formation rocks.

The reservoir quality (porosity and permeability) of
sandstones is strongly influenced by sediment texture (i.e.,
grain size and sorting; Beard and Weyl, 1973; Scherer, 1987a,b)
and diagenetic features such as secondary cementation (Worden,
1998). One component of texture, grain size distribution,
defined as the distribution of the grain diameters and their
sorting, is an important variable in classifying sedimentary rocks.
Grain size distribution provides useful information about the
depositional history and the sediment source supply (Klovan,
1966; Visher, 1969; Joseph et al., 1998; Browne et al., 2005), as
well as influencing the permeability of the rock. While traditional
measurements of grain size from microstructures were carried
out on two-dimensional optical or electron microscopic images
(Maast et al., 2011), the availability of microtomographic imaging
provides an opportunity to measure grain shape attributes in
three dimensions. In addition, measurements of porosity and
permeability from the same images allows direct correlations
between grain size distribution and reservoir properties.

The Brae Formation sandstone is characterized by a
distal submarine-fan setting, fine to coarse grained quartzitic
composition and diagenetic overprint, with calcite concretions,
pyrite precipitates and quartz overgrowth (Rooksby, 1991;
Turner and Allen, 1991; Garland, 1993; Gluyas et al., 2000;
Marchand et al., 2000). While the previous studies of the
secondary phases in the Brae Formation sandstone provide
a wealth of information regarding the nature of the deposits
and their relation with the primary pore space, relatively little
attention has been paid on the influence of the secondary or
microporosity on the permeability of the Brae Formation.

Microporosity can exert a significant influence on the effective
permeability of reservoir rocks (Bultreys et al., 2016b; Thomson
et al., 2019). Traditionally, estimates of permeability can be
achieved by several methods. Well flow tests can provide useful
information at reservoir scale, while gas or liquid permeability
experiments in the laboratory provide estimates at core scale.
Although physical experiments can likely access microporosity
and provide measurements of fluid flow in a dual-porosity

system, these techniques do not provide quantitative data on
the volume of micropores or how much these pores contribute
to fluid flow within reservoir rocks. Over the last two decades,
the use of micro CT techniques has increased in popularity
within pore scale research. These methods have provided
better understanding for pore scale physics and the technology
continues to develop quickly. However, the image resolution and
selection of an appropriate representative elementary volume
from which both pore types (macro and micro) can be sampled,
remains challenging (Mehmani and Prodanović, 2014; Bultreys
et al., 2016b; Thomson et al., 2019).

In the absence of 3D images of the micropore network, we
establish the upper and lower bounds on the influence of the
micropores on the permeability. Following the method outlined
by Thomson et al. (2019), we treat the microporous secondary
phase as two end members, one consisting entirely of void
space, and the other entirely solid. This approach, commonly
employed in determining effective elastic properties of porous
media (Mavko et al., 2009), allows the establishment of a
framework for future, high resolution microtomographic studies
of direct determination of micropore network characteristics
and the resultant permeability. We segment and analyze the
micro CT images of eight sandstone samples from these two
wells to quantify the volume fraction and connectivity of
the macro and micropore spaces, measure the 3D grain size
characteristics, and explore the relationship between grain size
and reservoir properties.

2. METHODS

For this work, we chose four different sample intervals from
two cores from two wells originating from the Brae/Miller field
area. From each sample interval, we drilled one 5 mm diameter
core plug to acquire X-ray micro-CT images at the Imaging
and Analysis Centre at The London Natural History Museum.
For more information on this process, we refer the reader to
the companion article, Thomson et al. (2020). The stacked raw
images obtained from the acquisition process are filtered and
segmented to separate the key phases using the software PerGeos
from Thermo Fisher Scientific. We outline further details of each
of these steps in the following text.

2.1. Image Processing
The image acquisition process can result in a variety of unwanted
features in the final stack of tiff images. The most prevalent
artifact is beam hardening, which creates edges of the samples
that appear brighter than the center, even when the material
remains the same. Another common feature of the scanning
process is the presence of ring artifacts centered on the rotational
axis of the sample (Ketcham and Carlson, 2001; Wildenschild
et al., 2002).

The first step to reduce the impact of such features in the
samples, was to extract a sub-volume from the raw data. We
set the region of interest (ROI) to 1,300×1,300×1,850 voxels
(2.6×2.6×3.7 mm) and 730×630×930 voxels (2.8×2.5×3.6
mm) for samples with voxel dimensions of 2.0 and 3.9 µm3,
respectively. This permitted a large sample area for grain

Frontiers in Earth Science | www.frontiersin.org 2 July 2020 | Volume 8 | Article 246

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Thomson et al. Brae Formation Sandstone Microstructure

TABLE 1 | Summary of sample data used in this study, including sample name, depth interval, total porosity, macro and microporosity, permeability, associated well and

voxel resolution.

Sample Depth Total porosity Macro porosity Micro porosity Total permeability Macro permeability

(m) (%) (%) (%) (mD) (mD)

BFS1a 4040.10 11.2 (±0.2) 7.3 3.9 395.8 127.1

BFS2a 4041.35 10.1 (±1.0) 6.6 3.5 124.1 70.7

BFS3b 4043.75 12.5 (±1.0) 9.4 3.1 149.3 21.4

BFS4b 4045.13 12.6 (±1.9) 9.5 3.1 339.6 110

BFS5b 4061 10.7 (±3.9) 6.6 4.1 37.4 1.17

BFS6a 4062 10.7 (±1.1) 5.4 5.3 0* 0*

BFS7b 4063 0 0 0 0* 0*

BFS8a 4063.75 17.6 (±1.3) 12.7 4.9 884.3 399.9

Samples listed on rows shaded with light gray are from the well 16/7b-20, the remaining samples are from the well 16/7b-23.
aVoxel size 3.9 µm3. bVoxel size 2.0 µm3. * zero effective porosity.

FIGURE 1 | Volume rendering visualization showing (A) the raw 3D data, (B) the segmented quartz grain phase, (C) a sub-volume section showing the distance map

used for regional maxima computation for individual grains, (D) the separated quartz grains in the whole volume, and (E) the mean grain size ± 10% for sample BFS7.

size analysis. However, smaller ROIs were required during
permeability simulation in order to reduce the computational
time constraints. Further information on each sample can be
found in Table 1.

The next step, image filtering, aims to smooth gray scale
intensities of the voxels and enhance the contrast between
key phases in the micro-CT images. There are a variety of
image filtering techniques that deploy many different methods
to efficiently remove artifacts, reduce noise and increase edges
(Schlüter et al., 2014). In this work, we used the non-local means
filter to effectively despeckle and maintain contrast between
grains and pores (Buades et al., 2008, 2010). Unlike many other
linear methods (e.g., Gaussian, mean filter, etc.), this filter is not
limited by a small sized kernel, meaning that the entire image
may be used as a search window in the final weighting stage for
gray scale determination of each voxel. A large search window
dramatically increases the computational time for the filtering
process and can lead to the removal of key features as a result
of excessive smoothing. We used the default search window
size to maintain a balance between processing time and quality
image filtering.

The final stage of image processing is segmentation, the
individual separation of each phase. During this process, the
different phases are separated based on their gray scale intensity
values, which are related to material density, atomic number and

the energy of the X-rays. The process of image segmentation can
be either automated (Ridler and Calvard, 1978; Otsu, 1979) or
manual, based on gray scale histogram evaluation alone. The
process is most commonly completed manually due to small
but consistent over or underestimated values from automated
schemes (Iassonov et al., 2009; Wildenschild and Sheppard,
2013; Bultreys et al., 2016a). Inconsistent results from automated
techniques arise from samples that have multiple phases with
similar gray scale intensity and/or significant image noise
(Thomson et al., 2018). We chose to use a manual thresholding
technique, assigning voxels in the 3D ROI to labels that we
interpreted the material belong to (e.g., pore or grain). Figure 1A
shows the contrast between the grain phase (dark gray) and the
cement phase (light gray) in one of the samples.

Volume fraction measurements for different materials in the
samples are obtained from the 3D volumes generated as a result
of the segmentation process. In total, we generated four label
fields from the four key materials that are present within each
sample. Phases with the lowest gray scale intensity through to
those with the highest gray scale intensity, are identified as
macroporosity, microporosity, quartz grain and other minor
mineral grains. Each of these phases have a proportion of
the total voxels in the volume assigned to their designated
label field. While the identification of macroporosity, quartz
grain and other less abundant minerals is fairly straightforward,
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establishing an accurate representation of the microporosity
remains challenging. To work around this complication, we
adopted the approach already used in previous works (Bultreys
et al., 2016b; Thomson et al., 2019), where microporosity is
identified and assigned as an intermediate gray scale phase
between macroporosity and quartz grain. To calculate the
representative proportion of each phase, the number of voxels
assigned to one label field (e.g., macroporosity) is divided by the
total number of voxels in the entire sample volume.

2.2. Porosity Characterization
One key limitation of micro CT analysis is the inability
to accurately determine the role of microporous material in
porous geological media. There is a conflict between sample
size and image resolution which prevents the quantification
of both macro and micropores in a sample. We overcome
this using an end-member approach to quantify the effect of
microporosity hosted by microcrystalline precipitations in these
rocks. We generate simple models to assess the influence of
the microporous phase on the connectivity of the pore network
and the control on permeability. Two extremes of pore network
connectivity are assessed. At one end of the scale we assume
that the microporosity is void space, and on the other, it is
an impermeable solid. In reality, porosity of the microporous
phase lies between these two extremes. In the absence of
the information about the micropore geometry, the two end
members provide us the upper and lower bounds of effective
porosity and permeability. We calculate the fraction of effective
macroporosity by dividing the effective macroporosity by the
total macroporosity to assess the influence of the cement phase
(microporous material) on the connectivity of the pore network.
Similarly, we test our permeability models to assess how the
ratio of permeability is controlled by the cement volume fraction.
In addition, treating the microporosity in terms of the two
end member cases, can also serve as a temporal analog. If the
microporosity is derived from secondary cement phases, the two
end members provide the geometry of the pore space before and
after cementation.

2.3. Permeability Simulation
Following the segmentation of the pore space phase in each
sample, the pore network is further processed to remove any
isolated voxels that do not form part of the interconnected pore
system between two planes of the volume. This process was
performed on the long axis (Z) of each sample to provide a
network of effective porespace where possible. The effective 3D
pore volume was then used to simulate the absolute permeability
through each of the samples. Using a finite volume solver from
the Pergeos petrophysics module, we calculated the single phase
flow of water by solving Stokes equation,

∇ · u = 0, (1)

−∇P + µ∇2
u = 0, (2)

where u is the fluid velocity vector, P is the pressure and µ =

1 × 10−3 Pa.s is the viscosity of water. With the exception of the
3D pore volume of the effective network, all boundary conditions

(as described in Thomson et al., 2018) and parameters were kept
constant. Similarly to previous work by Thomson et al. (2019) we
ensured that the convergence criterion or error, ǫ, was set to a
predetermined value for ǫ ≤ 10−6. This parameter is particularly
important as it determines the computational cost and accuracy
of permeability results.

2.4. Grain Size Measurements
Following the process of segmentation of the quartz grain phase
(Figure 1B), 3D grain volumes are obtained for further analysis.
The goal of this analysis is to obtain quantitative data on the
grain size. To achieve this goal, the 3D grain volume has to
be handled using a number of image processing steps. The
watershed algorithm is key to this analysis and is a powerful
method that allows automated separation of the grains and/or
pores (Youssef et al., 2007). The process of grain separation is
described in the following steps:

• The 3D label field for the grain phase, generated during
segmentation described in section 2.1, is used to compute a
distance map (e.g., Figure 1C). The distance map is created
by assigning a value to each voxel within a grain. The value
for each voxel corresponds to its distance to the background,
which in this case, is the pore space. The distancemap provides
the “input priority map” for the watershed process.

• Next, the distance map is used to compute the regional
maxima, located at the most inner region of the grains. A
new label field is created containing markers at the center of
the grains. These marker regions are used as seed areas for
flooding during the watershed.

• The watershed algorithm then expands the marker regions
toward increasing values of the input priority map, so the
distance map has to be inverted first. The marker-based
watershed algorithm is applied, ensuring that the inverted
distance map and maxima labels are connected.

• Finally, the watershed image is used to generate separation
lines. These separation lines are subtracted from the original
3D label field for the grain phase to produce a new 3D image
containing individual separated grains. The 3D separated
grain image is converted to a label image (Figure 1D) and
processed using the label analysis tool to provide 3D Feret
diameters of the grains.

• The 3D grain label images can be filtered to show the
proportion of a particular grain size in the sample. Figure 1E
shows the mean grain size± 10% for sample BFS7.

The grain size measurements obtained from the grain separation
algorithm are used to quantify the degree of sorting and classify
the samples. Due to the sensitivity of the algorithm, the data is not
completely free from errors. Some measurements, arising from
small scale noise in the gray scale intensity of the images, are
present in the data that do not fall within the expected range
for sandstone sediments. Since the primary focus of this study
is the analysis of quartz grains, we remove small scale noise
in our data by filtering the results based on the Wentworth
(1922) grain size classification for sediments, to exclude grain
size measurements < 63 µm. This provided us with data that
displayed characteristics for very fine sands and above.
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TABLE 2 | Summary of grain size analysis, including mean and median grain size, sorting, and skewness.

Sample Mean grain size Median grain size Mean grain size (MZ ) Median grain size Sorting Skewness

(µm) (µm) (φ) (φ) (φ1) (Sk1)

BFS1 523.6 488 1.05 1.04 0.60 0.03

BFS2 521.2 482.3 1.05 1.05 0.57 0.01

BFS3 314.9 295.2 1.78 1.76 0.60 0.07

BFS4 381.6 346.6 1.54 1.53 0.68 0.04

BFS5 386.7 363.7 1.51 1.46 0.69 0.16

BFS6 519.7 483.6 1.06 1.05 0.56 0.02

BFS7 318.9 309.1 1.72 1.69 0.51 0.12

BFS8 461.2 434.1 1.23 1.20 0.64 0.11

Samples listed on rows shaded with light gray are from well 16/7b-20, the remaining samples (dark gray) are from well 16/7b-23.

The grain size statistics are calculated using the 3D
measurement for grain length. We report some of the grain
size analysis and graphical representations using phi (φ) units.
To obtain phi units we applied a logarithmic transformation of
millimeters to whole integers, using the formula:

φ = − log2

(

d

d0

)

, (3)

where d is grain diameter (3D grain length) in millimeters,
and d0 = 1 mm. To calculate the median grain size we use
the 50 percentile where half the grains are larger and half are
smaller than the median. We report the median grain size in both
microns and phi units. In addition, we use the following formula
from Folk (1980) to calculate the mean (average) grain size in
phi units:

MZ =
φ16+ φ50+ φ84

3
, (4)

where φ16, φ50, and φ84 represent the grain size at 16, 50, and
84 percentiles in the data.

The grain size variation between samples can provide
useful information for sediment source, transportation and
comparison of petrophysical properties. Folk (1980) introduced
the “inclusive graphic standard deviation” which includes 90%
of the distribution and provides the best overall measure of
sediment sorting. To calculate the sorting in φ units, the
following equation is used:

φ1 =
φ84− φ16

4
+

φ95− φ5

6.6
, (5)

where φ95 and φ5 represent the φ values at 95 and 5 percentiles.
We classify the sorting of the samples based on the discrete
classification scale for sorting (Folk, 1980): φ1 < 0.35: very well-
sorted; 0.35–0.5: well-sorted; 0.5–0.71: moderately well sorted;
0.71–1.0: moderately sorted; 1.0–2.0: poorly sorted; 2.0–4.0: very
poorly sorted; and > 4.0: extremely poorly sorted.

The skewness is used to describe the degree of asymmetry of
a distribution. Samples may have similar average grain size and

sorting but their degrees of symmetry may be quite different. We
use the inclusive skewness equation (Folk, 1980):

Sk1 =
φ16+ φ84+ 2φ50

2(φ84− φ16)
+

φ5+ φ95− 2φ50

2(φ95− φ5)
, (6)

which provides a much better statistic and includes 90% of the
curve compared to other methods (e.g., Inman, 1952).

3. RESULTS

For each sample we compare the grain size characteristics,
porosity and permeability. The total porosity, the proportions
of macroporosity and microporosity, and the permeability are
showed in Table 1. The mean and median grain size, sorting, and
skewness statistics for each sample is displayed in Table 2.

3.1. Grain Size Characteristics
Our results from the 3D grain length analysis, obtained from
Equation (4) show that most of the samples have a mean grain
size between 2 and 1 φ units (250 and 500 µm). This suggests
that they are typically medium-grained sandstone (Wentworth,
1922). The sample BFS1 has a mean grain size outside of this
range (523.6 µm), classifying it as a coarse grained sandstone.
Sorting is obtained fromEquation (5). All samples aremoderately
to well-sorted, characterized by the narrow range of φ1 values
between 0.5 and 0.7. Within this small range, BFS7 has the best
sorting of quartz grains, while BFS5 is the least well-sorted.
The distribution of grain size is shown graphically in Figure 2

for the four samples from conventional core from the Brae
interval in exploration wells 16/7b-20 (Figure 2A) and 16/7b-23
(Figure 2B), respectively. These plots highlight that all samples
have an asymmetrical distribution with a positive skewness and
an apparent excess of more fine grained material. The results
of the skewness analysis obtained from Equation (6) shows that
all samples have values between 0.01 and 0.12, indicating near
symmetrical through to fine skewed preference.

3.2. Porosity and Pore Network Analysis
A detailed analysis of the macropore network of these samples is
presented in Thomson et al. (2020). In this article, we focus on
the geometry of the microporosity determined by image analysis
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FIGURE 2 | Grain size distribution plots for samples BFS1-BFS4 from well 16/7b-23 (A) and samples BFS5-BFS8 from well 16/7b-20 (B).

FIGURE 3 | Volume rendering visualization of the influence of cement on the pore network. Shown in sample BFS6 where green is macroporosity and red is

microporosity. The poorly connected macroporosity is shown in isolation in (A). The proportion of both macro and microporosity is shown in (B). The microporous

cement phase can effectively fill some channels between larger clusters of macropores (C).

and the total porosity, calculated by adding the micro and
macropore spaces. Samples from well 16/7b-20 (BFS1 through
to BFS4) have total porosities of 11.2, 10.1, 12.5, and 12.6%,
respectively. The average total porosity from the samples in this
well is 11.6%. Samples from well 16/7b-23 show a wider range
in total porosity, with one sample (BFS7), completely devoid
of detectable porosity. The calculated total porosity for sample
BFS5, BFS6, and BFS8 is 10.7, 10.7, and 17.6%, respectively. The
average total porosity is also higher in the samples from this well
with a value of 13%.

Macroporosity is the dominant void space in most of the
samples. The proportion of microporosity is generally much
smaller than the macroporosity, with the exception of sample
BFS6, which contains almost equal amounts of macro and
microporosity. Figure 3A demonstrates the poorly connected
network ofmacropores in BFS6. The relative proportion ofmacro
(green) and microporosity (red) in sample BFS6 is shown in
Figure 3B. The influence of microporous pore-filling cements
can be observed in Figure 3C, where larger clusters of porespace
appears to become disconnected. The samples BFS3 and BFS4
have the largest share of macroporosity out of all the samples,
with 75% of void space in the macropores. The sample BFS8 also

has a high proportion of macroporosity, with a value of 72%.
Samples BFS1 and BFS2 have a 65% proportion ofmacroporosity,
while BFS5 has 62%.

3.3. Results From Permeability Simulations
In this article, we compare and contrast the two end member
cases of permeability. In the first case, we assume that the
micropore space is impermeable, and the fluid flow takes place
only through the connected macropores. In the second end
member case, we assume that the microporosity is void, and fluid
flow takes place through the connected fraction of the total pore
space. In a companion publication (Thomson et al., 2020), we
reported the results of only the first end member case. While
the true permeability of the rocks falls somewhere between these
two limits, in the absence of higher resolution microtomographic
images of the micropore space, these two limits allow us to
quantify the upper and lower bounds on permeability of these
microporous, cement-bearing rocks.

The results of our permeability simulations highlight the
impacts of cementation on the ability of pore networks to permit
fluid flow. Figure 4 shows the volume rendering visualization
of absolute permeability though BFS1: (A) total pore network,
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FIGURE 4 | Volume rendering visualization of the effect of microporosity on

permeability in sample BFS1. (A) The upper limit: in this case the micropore

space is considered to be completely void. The streamlines, colored by

dimensionless fluid velocity, illustrate the flow pathways before cementation.

(B) The lower limit: in this case, we consider the macropore space to be

impermeable, leading to a more sparse distribution of streamlines. See

Table 1 for the permeability values for these two limits in each sample.

where macro and microporosity form a single network; and (B)
through the macropore network only. As the figure highlights,
there is a greater abundance of flow pathways in the total pore
network (a) compared to that of the macropore network (b).
The reduced frequency of channels and diminished connectivity
of the pore network has a negative impact on the rocks ability
to permit fluid flow and hence the permeability measurements.
Table 1 shows the results of total and macro only permeability
simulations. The total permeability (flow through the effective
total pore space, the second case described above) measurements
varied by one order of magnitude between 37.4 and 884.3
mD, in samples BFS5 and BFS8, respectively. The permeability
measurements through effectivemacropores varied by two orders
of magnitude between 1.17 and 399.9 mD, once again in samples
BFS5 and BFS8. The maximum variation in permeability within a
single sample between the total pore network and the macro only
network is by one order of magnitude.

4. DISCUSSION

4.1. Comparison With Previous
Measurements
The results from our measured grain size and permeability
compares well with previous measurements from Brae
Formation and similar rocks. As the plot in Figure 5 displays,
the grain size from our measurements agrees well with the grain
size range obtained for the Brae Formation from traditional
point-count analysis (Maast et al., 2011) highlighted as the gray
shaded region. The variations in permeability arise from porosity
variations in the samples. Despite these variations, our data does
show good agreement with grain size and permeability values
approximated from previous well log analysis (Maher, 1980). As
the plot shows, the shaded orange and blue regions correspond
to fine to medium and medium to coarse grained intervals
and their relevant permeability ranges of the Piper Formation,
respectively. These samples, also originating from sandstone

FIGURE 5 | Comparison between our data and previous studies of

permeability as a function of grain size. The red triangles represent data from

hydrate-free sediments (Konno et al., 2015), while the green circles represent

data from tight gas sandstones (Becker et al., 2017). The shaded orange and

blue regions correspond to fine to medium and medium to coarse grained

intervals of the Piper Formation, respectively (Maher, 1980). The shaded gray

interval is the range of grain size measurements obtained by point-count

analysis for the Brae Formation (Maast et al., 2011).

reservoirs at depth (≈ 2,800 m) in the North Sea, overlay the
results of our Brae Formation data similarly and shows a positive
relation between grain size and permeability. While the narrow
range of grain sizes in our data precludes establishment of a trend
between grain size and permeability, our measurements compare
well with the permeability and median grain diameter trend of
hydrate free core sediments (plotted as triangles) (Konno et al.,
2015). We also compare data from petrophysical analysis on
tight gas sandstone analog rocks (Becker et al., 2017), which
fall within the same range of grain size but are substantially
less permeable due to high volumes of microporosity (up to
80%) in those rocks. Our results indicate that 3D grain size
analysis and permeability simulation can be used as a reliable
alternative to more classical and time consuming methods. As
this technique continues to evolve, further work is required to
assess the petrophysical properties of more sandstones with a
greater range of grain shape and sizes.

4.2. Influence of Cement on Reservoir
Properties
The Brae Formation, along withmany other North Sea reservoirs,
has quartz and calcite cements that are considered one of the
main porosity reducing factors (Bjørlykke et al., 1992; Giles et al.,
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FIGURE 6 | Plots displaying the fraction of effective macroporosity (A) and the ratio of macro permeability and total permeability (B) as a function of cement volume

fraction.

1992; Gluyas et al., 2000; Marcussen et al., 2010), with quartz
overgrowth ranging from 3 to 15%, while calcite ranges from 20
to 40%, in concretion centers (Lu et al., 2011). Concretions exist
as volumes of sandstone where almost all pore space is infilled
between sand grains (e.g., sample BFS7), and these can exist in
bed units ranging from 2 to 11 m thickness. Concretions are
believed to be the consequence of the earliest diagenesis following
deposition (Marchand et al., 2000). In the samples, we observe
microquartz cement and fibrous over-growths, associated with a
later phase of diagenesis and the presence of clay minerals (see
Thomson et al., 2020 for SEM images). We observe the presence
and quantify the relative proportion of these microporous phases
using our X-ray CT images in this study, however the challenge
remains to accurately model the influence of microporosity
on reservoir properties (e.g., Mehmani and Prodanović, 2014;
Bultreys et al., 2016b; Soulaine et al., 2016; Mehmani et al., 2019).
In this work, we find agreement with previous studies of the Brae
Formation, that the samples contain microporous cements, and
their abundance falls within similar proportions as those reported
by Lu et al. (2011), Marchand et al. (2000), and Thomson et al.
(2020). The proportions of microporosity reported from image
analysis in this study (Table 1) are slightly lower than those
reported by Thomson et al. (2020) from Helium porosimetry
measurements on the same samples.

The relationship between the volume of cement and the
fraction of effective (connected) macroporosity shows an
interesting trend in our data.We plot the cement volume fraction
along the x-axis and the fraction of effective macroporosity
along the y-axis. As Figure 6A shows, the proportion of effective
macroporosity is increased with low volumes of the cement
phase. As the cement phase increases, at volumes between 3 and
5%, the effective macroporosity decreases to around 50 to 80%
efficiency. The majority of our data from the Brae Formation
fall in this range, indicated by a cluster in the plot. As the
cement volume fraction exceeds a volume of approximately 5.5%

the connectivity of the pore network is lost with an effective
macroporosity value of zero.

In Figure 6B, we display the ratio of k∗ = kM/kT as function
of cement volume fraction, where kM is macro permeability and
kT is total permeability. From this plot it is possible to observe the
direct effect of cementation on fluid flow. Our two end-member
models allow us to assess the pore space before (total porosity)
and after (macroporosity) cementation. Similarly to the effects of
cementation on pore network connectivity, we observe a trend
that shows as the cement volume increases, the permeability
declines quickly, finally becoming zero when cement volume
fractions reach approximately 5.5%. The ratio of k∗ in the samples
ranges between 3 and 57%. Despite having one of the largest
volumes of cement, sample BFS2 has the highest ratio of k∗.
Sample BFS8 has the highest proportion of the cement phase and
yet still shows good ability to permit fluid flow with a ratio of
45%. The lowest k∗ ratio is found in sample BFS5 with a cement
volume fraction of 5.1%, the third greatest in the samples.

The injection of CO2 into deep saline aquifers has been
practiced in the oil and gas industry for many years as a means
of improving the efficiency of oil recovery from the reservoir.
In more recent years, the storage of CO2 in depleted reservoirs
is being considered a possible long term method to reduce
emissions to the atmosphere (Chadwick et al., 2004; Haszeldine
et al., 2005; Holloway et al., 2006). One of the most notable
projects includes the injection of CO2 into the Utsira Formation
of the Sleipner field (Furre et al., 2017). The Brae formation
sandstone reservoir rocks of the Miller field have also been listed
as a potential CO2 storage target in the past due to a widespread
seal rock and apparent natural system capable of storing
accumulations of CO2 for many millions of years (Lu et al.,
2009). Three key processes of CO2 trapping have been established
(Hitchon, 1996): structural trapping, dissolution trapping, and
mineral trapping. The potential of mineral trapping is greatest,
due to residence times on the order of geologic timescales (Bachu
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et al., 1994). As discussed previously, one might expect with
the injection of CO2, the reaction and precipitation of minerals
during porous flow, and the eventual cementation of pore space,
the connectivity and ability of the reservoir becomes diminished.
These processes are indeed welcome, as more CO2 is sequestered
in the mineral form and the overall quality of the reservoir
decreases, there is an increasing likelihood that the CO2 remains
trapped deep in the subsurface.

5. CONCLUSIONS

• We analyzed 8 samples from the Brae Formation, originating
from the Miller oil field in the North Sea. We performed
micro-structural analysis using 3D models obtained through
X-ray CT images.

• We consider the grain size characteristics, porosity and
permeability of the samples and assessed the relationships
between those properties.

• Our grain size analysis indicates the samples are medium
grained (250 µm to 500 µm length), moderately well-
sorted and have a near symmetrical to fine skewed
graphic distribution.

• No strict trend is observed between average grain size and both
porosity and permeability in our data. However, grain size and

permeability results do agree well with those from previous
studies of other subsurface reservoir rocks.

• Within the samples analyzed in this study, an increase in
cement volume has a negative influence on the porosity
and permeability. Above a threshold cement volume of
approximately 5.5% the connectivity of the pore network is
disabled and porous flow is non-existent.
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