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Abstract. The Permo-Triassic Sherwood Sandstone Group
is an important aquifer with potential for both shallow and
deep geothermal energy use in the UK. This study investi-
gates the hydrogeological properties of the shallow buried
Sherwood Sandstone Group in Northern Ireland, with a focus
on its porosity, using borehole nuclear magnetic resonance
(BNMR) and petrophysical models (Archie and Waxman-
Smits). BNMR and downhole geophysical logging (resistiv-
ity, EC, temperature and natural gamma) were carried out on
three boreholes drilled into the lower Sherwood Sandstone
Group aquifer at depths of about 100 m on Queen’s Univer-
sity Belfast campus. The results showed that the porosity cal-
culated from BNMR and the Waxman-Smits model are com-
parable, demonstrating the relationship between BNMR and
petrophysical-derived porosity. The average porosity of the
Sherwood Sandstone Group at this location ranges between
14.9 % and 17.6 %, with maximum values ranging between
33.7 % and 40.4 %. However, the results from the Archie
model are significantly larger than those of BNRM, confirm-
ing its unsuitability for lithologies containing clays, even in
small amounts. This study confirms storage capacities in the
lower Sherwood Sandstone Group that make it suitable for
ATES systems.

1 Introduction

Energy demand is rising globally due to a growing popu-
lation and increasing economic growth, and fossil fuels ac-
count for the largest share of the energy supply (British

Petroleum, 2022; Asif and Muneer, 2007). Geothermal en-
ergy, a form of renewable energy readily available all year
round and in all seasons, is an energy source with signifi-
cant potential to reduce global emissions and in particular, to
contribute to the decarbonisation of heat.

The United Kingdom government aims to achieve a 100 %
reduction in greenhouse gas emissions by 2050 compared to
a 1990 baseline. This is set out in the Climate Change Act
2008 (2050 Target Amendment) Order 2019 (UK Govern-
ment, 2019) and similar climate legislation has been enacted
in the devolved regions of the UK, including in Northern Ire-
land (Northern Ireland Assembly, 2022). The Northern Ire-
land Executive’s Energy Strategy “The Path to Net Zero En-
ergy” and the Energy Strategy Action Plan 2022, envision
net-zero emission energy generation by 2050 (Northern Ire-
land Executive, 2021). The strategy set out a long-term vision
of net zero carbon and affordable energy for Northern Ire-
land and highlighted the potential role of geothermal in de-
carbonising the energy system. The heat sector accounts for
56 % of Northern Ireland’s total energy use (Department for
the Economy, 2022), and different forms of geothermal en-
ergy use, including Aquifer Thermal Energy Storage (ATES)
systems could play an important role in the decarbonisation
of heating and cooling in Northern Ireland (Raine and Reay,
2019).

Permo-Triassic sandstones have good potential for
geothermal resources in the UK (Busby, 2014; English et
al., 2024). These sandstones are collectively known as the
Sherwood Sandstone Group and extend to The Netherlands
(Röt Formation) and Germany (Buntsandstein), where they
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have been used for geothermal energy (English et al., 2024).
In Northern Ireland, the geothermal resource potential of the
Sherwood Sandstone Group at a temperature of more than
20 °C is about 4.256 trillion kWh (Downing and Gray, 1986).
The Geological Survey of Northern Ireland (GSNI) in 2005,
2009 and 2010 collected geophysical data, conducted drilling
exercises and analysed core samples for a detailed investi-
gation of the potential of the Sherwood Sandstone Group
geothermal resources (Raine and Reay, 2019).

An ATES system is an open loop shallow geothermal sys-
tem with two groundwater wells that operate in a seasonal
mode to warm and cool a building during winter and sum-
mer, respectively (Dickinson et al., 2009; Lee, 2010). The
design of the heat storage systems in aquifers depends on
the site-specific hydrogeological and heat transport prop-
erties (De Paoli et al., 2023). Therefore, an ATES system
requires detailed characterisation of the aquifer properties
such as thickness, porosity, permeability, hydraulic conduc-
tivity, heterogeneities, groundwater flow velocity, thermal
conductivity and geochemical conditions that prevent clog-
ging and well corrosion to assess the viability, environmental
impact and appropriate design (Snijders and Drijver, 2016;
Lee, 2010; Fleuchaus et al., 2018). Since groundwater is the
medium of energy storage of an ATES system, extracting
sufficient water from an aquifer is the most important re-
quirement for operating it (Stemmle et al., 2022; Mahon et
al., 2022). Porosity determines the volume of the aquifer that
can store a certain quantity of warm or cold water, thus de-
termining the size of the ATES system (Bakr et al., 2013).
In ATES systems, hydraulic conductivity determines the rate
of warm or cold water that can be instantaneously injected
and extracted. Hydraulic conductivity and storativity are de-
pendent on other hydrogeological characteristics, including
total porosity, effective porosity, clay content, pore size dis-
tribution and connectivity, and pore-throat size distribution
(Maliva, 2016). This study aims to use borehole nuclear mag-
netic resonance (BNMR) logging and petrophysical models
(Archie and Waxman-Smits) to estimate the porosity of Sher-
wood Sandstone Group for ATES systems, and is part of a
broader research on the impact of heterogeneity on the per-
formance of an ATES system.

2 Material and Methods

2.1 Site Location and Hydrogeological Setting

The studied site is located within the Queen’s University
Belfast campus, Northern Ireland, where three boreholes
were drilled to a depth of 100 m each into the lower Sher-
wood Sandstone Group (Figs. 1 and 2). The construction
of the three boreholes was identical: a 150 mm diameter
hole, cased across the first ∼ 30 m superficial layers (Malone
sands and glacial till that date back to the Late Midlandian
period of the Pleistocene epoch; approximately 25 000 to

10 000 years ago) and open (uncased) throughout the under-
lying ∼ 70 m Sherwood Sandstone Group aquifer. The Sher-
wood Sandstone Group was formed from fluvial deposits
(typically braided fluvial system) and deposits of aeolian ori-
gin (Thompson, 1970; Holliday et al., 2008; Newell, 2018).
It is present in different sedimentary basins in the UK, such
as the Wessex, Cheshire, Worcester and East Irish Sea (En-
glish et al., 2024). The Triassic sedimentary rocks in North-
ern Ireland were formed between 248 and 205 million years
ago (Ma) and have been divided into three groups: the Sher-
wood Sandstone Group, the Mercia Mudstone Group and the
Penarth Group, with the Sherwood Sandstone Group as the
base of the Triassic sequence (Table 1). The Sherwood Sand-
stone Group is primarily composed of red silty sandstone,
with brown mudstone making up about one-third of the total
thickness. The unit features sedimentary structures such as
ripple cross lamination, planar cross laminations, mudflakes,
and desiccation cracks (Mitchell, 2004).

The Sherwood Sandstone Group is an important aquifer
for groundwater extraction in Northern Ireland, and up to
300 m is preserved beneath Belfast and the Lagan Valley
(Fig. 3) at the present-day southern margin of the Larne
Basin (Robins, 1996). Historically, it has supplied moder-
ately mineralised water for drinking, provided water supply
for agriculture, and industrial use (Meere et al., 2013; Kalin
and Roberts, 1997) and there is significant geothermal heat-
ing, cooling and thermal storage potential (Raine and Reay,
2019). In the Lagan Valley, the aquifer is largely confined
and protected from pollution by thick clay-rich glacial till
(Robins, 1996; Mitchell, 2004). Its hydraulic conductivity
ranges from 1×10−7 to 5×10−5 m s−1, and transmissivity is
about 1.5× 10−3 m2 s−1 (Kalin and Roberts, 1997; Bennett,
1976; Robins, 1996; Yang et al., 2004; Wilson et al., 2023;
Comte et al., 2017). A dual porosity system exists in the
Sherwood Sandstone, yielding groundwater from both pri-
mary (intergranular) and secondary (fracture) porosity (Mc-
Cann, 1990).

2.2 Borehole Nuclear Magnetic Resonance (BNMR)

Nuclear Magnetic Resonance (NMR) is a physical phe-
nomenon that arises from the angular momentum and mag-
netic moment of the hydrogen nuclei of the water molecule
(Purcell et al., 1946). The magnetic fields of these hydro-
gen nuclei can interact with an external magnetic field (static
or dynamic). In NMR logging applications, the permanent
magnets on the logging tool generate the applied static mag-
netic field, and for borehole nuclear magnetic resonance
(BNMR), the magnetic field strength ranges from 5.75 to
47 mT (Behroozmand et al., 2015). The applied external
magnetic field (Bo) causes the randomly oriented hydrogen
nuclei to align themselves with the external magnetic field,
and the frequency at which the nuclei precess is known as the
Larmor Frequency, which ranges between 0.245 to 2 MHz
and creates a secondary magnetic field. When the external
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Figure 1. Main Formations Hosting Groundwater (aquifers) of Northern Ireland (Wilson et al., 2023).

Figure 2. Bedrock Geology at the borehole site (Adapted from GSNI GeoIndex).

magnetic field is switched off, the secondary magnetic field
decays as the hydrogen nuclei return to their natural state.
The NMR measurement involves recording the change in
magnetisation as the system returns to equilibrium, and this
time-dependent change in magnetisation contains informa-
tion about the aquifer’s water content and geometry of the

water-filled pore spaces. See Coates et al. (1999) and Ellis
and Singer (2007) for a detailed explanation of the principle
of BNMR.

The process of determining porosity using BNMR in-
volves measuring the transverse relaxation time (T2) decay
curve. By integrating the amplitudes of this decay curve, the
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Figure 3. Geological Section across the Lagan Valley (modified after Robins, 1996).

Table 1. Litho- and Chronostratigraphy of the Permian, Triassic and
Jurassic rocks in Northern Ireland (Mitchell, 2004).

volume of water present in the pore spaces can be quantified.
The measured response can be separated into two categories:
bound fluid volume and free fluid volume. BNMR provides
estimates of flow and storage potential in an aquifer, gives
information on water content and distribution, pore struc-
ture and distribution, as well as enables estimation of per-
meability and hydraulic conductivity using empirical models
(Vouillamoz et al., 2014). The NMR data were acquired in-
side the three boreholes using the NMR Services Australia
(NMRSA) BNMR tool for groundwater and mining appli-

cations, which is about 15 cm long, and the cylinder/donut
is about 1 cm thick. NMR measurements were performed at
0.01 m depth intervals. The acquired data were processed us-
ing global cutoff times for a clastic lithology: clay-bound
volume at 3 ms and capillary-bound volume at 33 ms (bound
fluid volume), and free fluid volume at 3 s in WellCAD™ –
a PC software for processing and interpreting borehole logs
and visualised with MATLAB (Fig. 4).

2.3 Petrophysical Models

Widely used petrophysical models, including Archie
(Archie, 1942) and Waxman-Smits (Waxman and Smits,
1968) were employed in this study to provide independent
estimates of porosity in the three boreholes. Geophysical
logging provided models’ input parameters (resistivity, EC,
temperature and natural gamma) and was carried out by Eu-
ropean Geophysical Services (EGS). Logging datasets were
processed in WellCAD™. The two petrophysical models
were computed and visualised using Microsoft Excel and
MATLAB.

2.3.1 Archie Model

Archie carried out several experiments to show that a rela-
tionship exists between the formation factor of a completely
water-saturated sedimentary rock (F ) and the porosity of the
rock (8).

F =
a

8m
(1)

where m and a are the cementation and tortuosity factors,
respectively. The formation factor F is the ratio of the resis-
tivity of a fully saturated rock and the resistivity of the water.
One of the limitations of Archie’s model is that it was em-
pirically established for clean sandstone (no clay content).
Taylor and Barker (2006) estimated the cementation factor
of Triassic Sandstone to be 1.85, which was the value used
in this study.
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Figure 4. Processed BNMR water content (total porosity) log for each borehole.

2.3.2 Waxman-Smits Model

Modifications have been made to the Archie model to ac-
count for the presence of clay in rocks. One of the widely
accepted models is the Waxman-Smit model:

σo = 8
−m(σw+BQv) (2)

where σo is the aquifer bulk conductivity (S m−1), 8 is the
porosity, m is the Archie cementation factor, σw is the pore
water conductivity (S m−1), B is the equivalent counterion
mobility (m2 s−1 V−1) and Qv is the excess charge per unit
pore volume (C m−3). B is expressed as:

B = BO [1− 06e
(
−σw
0.013

)
] (3)

whereBo = 4.78×10−8 is the maximum counterion mobility
(m2 s−1 V−1). Qv is expressed as:

Qv = ρg

(
1−∅
∅

)
CEC× 9632× 106 (4)

where CEC is the cation exchange capacity (meq g−1) and ρg
is the grain density of the aquifer (g cm−3). The total CEC
from a mixture of clay minerals is expressed as:

CEC= ϕw
∑

XiCECi (5)

where Xi is the relative fraction of each clay minerals in the
rock, CECi is the cation exchange capacity of each clay min-
erals and ϕw is the mass fraction of clay in the rock. Xi
values were derived from semiquantitative whole rock and
clay fraction XRD analysis of a sample from a borehole core
along strike from the study boreholes and anticipated to be
an equivalent stratigraphic height. The CECi values were ob-
tained from the literature (Revil et al., 1998) – Table 2. ϕw

Table 2. CEC of the clay minerals and clay weight fraction in Glen-
burn 4B Borehole (Calculation of CEC based on Revil et al., 1998).

Clay minerals Clay weight fraction (%) CEC (meq g−1)

Smectite 50.9 0.8
Illite 15.7 0.16
Kaolinite 30.6 0.023

values were calculated from the three boreholes gamma logs
using the following linear and Larionov (Larionov, 1969)
equations:

ϕw = IGR =
GRlog−GRmin

GRmax−GRmin
(6)

ϕw = 033 × (2IGR − 1) (7)

where the IGR, GRlog, GRmax and GRmin are the gamma ray
index, gamma ray log reading, maximum gamma ray value
and minimum gamma ray value, respectively.

Lastly, aquifer bulk conductivity and pore water conduc-
tivity were normalised to a temperature of 25 °C because
temperature affects the electrical conductivity, and 25 °C is
considered uniform and constant in the saturated zone using
Arps (1953) equation:

σ = σF
46.5

TF+ 21.5
(8)

where σ is the normalised conductivity, σF is the conductiv-
ity at formation temperature, and TF is the formation temper-
ature.
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Figure 5. Comparison of the porosity results using BNMR, Archie and Waxman-Smits (WS).

3 Results and Discussion

The average porosity values obtained from BNMR are
16.9 %, 17.6 %, and 17.3 % in boreholes 1, 2, and 3, respec-
tively (Fig. 5). For the Archie model, the average porosi-
ties are 49.9 %, 54.1 %, and 60.3 % in boreholes 1, 2, and
3, respectively (Fig. 5). This is a large deviation from the
BNMR porosity estimates. However, for the Waxman-Smits
model, the average porosities are 14.9 %, 16.8 %, and 16.9 %
in boreholes 1, 2, and 3, respectively and are similar to the
BNMR results (Fig. 5). A major reason for the overestima-
tion of porosity by the Archie model is that it does not correct
for the contribution of clay minerals to the measured rock
electrical conductivity therefore mistaking clay for pore wa-
ter; however the Sherwood Sandstone Group has some clay
contents (Comte et al., 2019; Mitchell, 2004). The XRD anal-
ysis of the Sherwood Sandstone Group samples used for this
study revealed up to 3 µm wt % clay and is dominated by
smectite, illite and kaolinite. Similar findings were reported
for other types of aquifers with clays, such as weathered
metamorphic rock aquifers (González et al., 2021).

The sandstone at the study location represents the lower
part of the Sherwood Sandstone Group, which is known re-
gionally to have a better quality (storage capacity) than the
upper part. The intergranular hydraulic conductivity in cer-
tain upper and lower parts of Sherwood Sandstone Group
ranges between 1.2×10−6 and 10−9 m s−1 (Raine and Reay,
2019; Bennett, 1976). Porosities across the three studied
boreholes did not show a noticeable increase or decrease
with depth but showed varying values throughout (Fig. 4).
The average porosity based on data from the Sherwood Sand-
stone Group across Northern Ireland is 21.3 %, but there are
significant variations in porosity within individual borehole
sequences and between boreholes from different sedimen-

tary basins in Northern Ireland. Much of this variation is at-
tributed to variable detrital clay content, cementation, grain
size variation, and differences in burial-related compaction
(Raine and Reay, 2019). In the upper part of the Sherwood
Sandstone Group, a few kilometres East of the study site,
Comte et al. (2017) estimated lower average values of ef-
fective porosity of around 10 %. The results obtained from
this study provide information on the porosity of the lower
parts of the Sherwood Sandstone Group, which is a produc-
tive aquifer that accounts for a large part of the area beneath
Belfast. In the Sherwood Sandstone Group of Northern Ire-
land, faults are found to be both permeable flow pathways
and baffles (Parnell et al., 2000) and differences between
lab-derived permeability and that observed through pump-
ing tests seem to support the view that it is a dual porosity
reservoir, with both intergranular and fracture permeability
(Robins, 1996; Wilson et al., 2023). Some intervals in the
studied boreholes (e.g., 84–85 m for Borehole 1, 73–74 m
for Borehole 2, and 85–86 m for Borehole 3) had BNMR-
derived porosity values that suggest the presence of frac-
tures. These open fractures could make a significant contri-
bution to groundwater flow through the less permeable lower
part of the Sherwood Sandstone Group aquifer (Fig. 3). Un-
derstanding the permeability, distribution and orientation of
such fractures is an important hydrogeologic characteristic
when designing an ATES system, as their presence could
cause preferential flow path and thermal breakthrough be-
tween the warm and cold wells; layers with higher hydraulic
conductivity in these three boreholes will allow faster move-
ment of groundwater, which will lead to more extensive ther-
mal plumes. However, layers with lower hydraulic conduc-
tivity will restrict flow and heat transfer. This will reduce the
performance of an ATES system (Snijders and Drijver, 2016;
Banks, 2009).
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4 Conclusions

This study has determined the porosity using BNMR and
petrophysical analysis of geophysical logs of the lower part
of the Sherwood Sandstone Group from three boreholes
drilled to a depth of 100 m. The porosity of the Sherwood
Sandstone varies between 2.1 % and 40.4 % in the three
boreholes at this location for BNMR, between 39.5 % and
88.2 % for Archie model, and between 1.2 % and 36.6 %
for Waxman-Smits model. The BNMR confirms the credibil-
ity of using the Waxman-Smits model instead of the Archie
model to estimate porosity in the Sherwood Sandstone for-
mation from geophysical logs. The Archie model is well
known to overestimate porosity in lithologies with clay con-
tent, and this study provided findings consistent with previ-
ous findings, further confirming Archie’s model unsuitabil-
ity for investigating the lower part of the Sherwood Sand-
stone Group in Northern Ireland. Also, the results demon-
strate the consistency between BNMR and Waxman-Smits
model-derived porosity and confirm the reliability of using
BNMR in hydrogeological investigations. This work forms
part of broader research on the impact of subsurface hetero-
geneity on the performance of an ATES system in the Sher-
wood Sandstone Group. Further research will integrate these
porosity results with hydraulic conductivities from BNMR
logging and pumping test data and structural and sedimen-
tological analyses from optical televiewer (OPTV) logging
data to identify fractures and different lithofacies in these
three boreholes.

Code and data availability. The BNMR and Petrophysical models
porosity results are provided in the Supplement. The MATLAB
code for visualising these data can be provided by the contact author
upon request.
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