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Numerical modelling of aquifers is a standard process in the sustainable management 
of groundwater resources. To be reliable, a groundwater model requires an accurate geo-
logical framework, particularly where structure is complex. The Lagan Valley aquifer near 
Belfast is an example of an otherwise generally homogenous sandstone aquifer intruded by 
extensive swarms of low-permeability igneous dykes. The dissection of the aquifer by these 
dykes affects groundwater flow direction and borehole yield. We have used the Tellus aero-
magnetic data to map the extent of these dykes and so improve the geometrical parameter-
isation of the models. Two methods are described for incorporating the effect of the dykes: 
a visual deterministic approach and a stochastic approach using Multiple Point Statis-
tics. Both approaches resulted in models that significantly improved matches to observed 
groundwater levels and flow directions, demonstrating the value of aero-magnetic data for 
constraining these models.

Introduction: groundwater models and management
Under the EU Water Framework Directive governments are required to characterise and 
monitor aquifers to ensure that these unseen but valuable resources are protected and 
managed sustainably. Efficient management of groundwater resources is facilitated by 
numerical modelling, which allows us to estimate rates of abstraction that should be sus-
tainable. Numerical computer modelling is a well-established means of predicting the 
performance of an aquifer in terms of measured or estimated parameters, including its 
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geometrical dimensions, natural and artificial recharge, permeability, porosity and hydrau-
lic conductivity. The validity of any model depends heavily on assumptions made about 
unseen or unmeasurable characteristics, particularly the internal geological structure of 
the aquifer, which affects storage capacity and rates of internal flow. Modelling is more 
reliable where the aquifer is geologically homogenous; where the lithology is complex, 
faulted or intruded the assumptions break down.

In this study we examine how the results of the Tellus aero-magnetic survey can improve 
our knowledge of the geological framework and ‘parameterisation’ of our numerical model 
of the Lagan Valley aquifer, an important freshwater resource for Northern Ireland.

Groundwater modelling and the problem of heterogeneity
Mathematical groundwater models are effective tools which enable us to describe the flow 
processes in accordance with well-established governing equations. Due to the complexity 
of aquifer systems, in terms of geometry, properties and boundary conditions, iterative 
numerical techniques are necessary to solve these complex equations. Modellers must be 
careful not to over-simplify the conceptual model, as an unrealistic model inevitably leads 
to a poor interpretation. Modelling can facilitate the testing of several hydrogeological 
hypotheses but naturally the quality of the output is dependent on that of the input. 
Although models with structural heterogeneity contain greater levels of uncertainty, there 
is scope for reducing this by using the results of the aero-magnetics to map the extent of 
heterogeneity arising from the presence of impermeable dykes. 

Mapping the spatial distribution of heterogeneity is the first step in assigning flow 
properties and parameterising a numerical model. Aerial imagery, remote sensing, modern 
digital terrain models and geological mapping can all help to identify heterogeneity or 
complexity, although usually on a regional or kilometre scale. The most effective spatial 
mapping results from combining various regional and local approaches, including field 
mapping, hydraulic testing of wells and geophysics, to improve accuracy and verify aerially 
mapped structures. 

Geophysical techniques are commonly used in hydrogeological investigations. As well as 
the use of magnetics for mapping structures, as in this case, various ground-based methods 
are routinely applied for mapping the dimensions of aquifers and aquicludes (electrical, 
electromagnetic and seismic methods) and variations in water quality, including saline 
intrusion (electrical and electromagnetics). Some methods, notably magnetics and elec-
tromagnetics, are readily transposed to airborne systems for rapid, regional scale survey, 
although with some loss of resolution compared with ground measurements. Brunner et 
al. (2007) have demonstrated the advantages of linking airborne geophysics and remote 
sensing with numerical groundwater flow models for mapping faults and dykes, estimating 
aquifer thickness and mapping soil salinisation.
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Modelling the Lagan Valley aquifer
The Lagan Valley, extending south-west from Belfast, is a typical U-shaped valley formed 
by glaciation during the Last Glacial Maximum of the Quaternary period (Fig. 28.1). The 
aquifer lies in the Triassic Sherwood Sandstone Group (SSG), which dips to the north-west 
beneath the overlying and relatively impermeable Triassic Mercia Mudstone. Remnant 
glacial till and drift material overlie these formations. The SSG is a porous, moderately 
permeable aquifer of high productivity, yielding approximately 30–50 l s–1. Historically, 
the aquifer was a significant source of public water supply and it still supplies water to local 
industry and hospitals. It remains an important strategic resource that if required could 
supply Belfast in the future. The aquifer has been extensively studied, originally notably by 
Hartley (1935) and by Bennett (1975).

The aquifer is geologically complicated by a network of near-vertical dolerite dykes 
that were intruded during the Palaeogene period. These are the remains of the hypovol-
canic system through which the basalts of the Antrim Lava Group erupted (Cooper and 
Johnson, 2004). The basalts have since been eroded from the valley itself. These dykes are 
widespread, are generally of relatively low permeability and act as obstacles to underground 
water flow in the aquifer. Previous isotropic hydrogeological models (e.g. Cronin, 2000) 
did not quantify the effect of these dykes, although their effect was noted. Recent ground 
surveys have investigated their effects on the aquifer and confirmed that the dykes hinder 
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Figure 28.1. The geology 
around Belfast, showing 

digitised regional 
heterogeneities (dykes) as 

determined deterministically 
from the aerial magnetics. The 
black line is the outline of the 

Triassic sequence that includes 
the Sherwood Sandstone 

aquifer.



local groundwater flow, as demonstrated at a coastal site where a dyke clearly impedes salt 
water intrusion (Wilson, 2011).

As these dykes are well magnetised, we can map their extent from the aero-magnetic 
results of the Tellus airborne geophysical survey of 2005–6 (Young and Donald, 2013; 
Hodgson and Young, Chapter 2, this volume). 

Using Tellus magnetics to improve model parameterisation
The airborne geophysical survey of the Tellus Project provided continuous magnetic field 
data over all Northern Ireland. Magnetic data were acquired at 55–60 m above ground 
level at approximately 7 m intervals along traverse lines 200 m apart. These data of the total 
magnetic intensity, after gridding onto a regular Cartesian net, may be readily transformed 
by the judicious application of a range of mathematical filters to enhance or suppress dif-
ferent components of the signal. For example, man-made or other surface noise can be 
reduced; signals from different depths can be separated; and the asymmetry inherent in 
the shape of the magnetic anomaly can be corrected. Chacksfield (2007) presented several 
of these for the Tellus data. Here we work with the total magnetic intensity reduced-to-
pole (RTP) and the tilt-angle derivative of the RTP (Salem et al., 2008), as calculated 
using Geosoft™ software. These transformations improve the resolution and the precision 
of source location.

We consider a part of the Lagan Valley centred approximately 10 km south-west of 
Belfast (Figs 28.1 and 28.2). Here the RTP image shows a swarm of dykes striking north-
west across the Lagan Valley and intruding the Triassic and underlying Permian and Silu-
rian sediments. Some dykes can be seen to penetrate (and therefore post-date) the Antrim 
lavas to the north-west, which themselves are strongly magnetised. Other dykes appear to 
be truncated at the lava contact, and are therefore interpreted to predate the lavas, which 
now cover them and mask their magnetic expressions (Cooper et al., 2012). The magnetic 
expression of the dykes is also partially obscured by the southern extent of the Antrim lava 
anomaly over the Mercia Mudstone.

We can use these magnetic results in two ways to improve the geological framework 
of our numerical aquifer models: (1) deterministic interpretation of dyke distribution by 
visual analysis of magnetic signatures; and (2) direct geostatistical analysis of the continu-
ous data set. The latter method can screen out the ‘noise’ that is inherent in magnetic data 
as well as possible human bias in the visual interpretation. 

Resolution of aero-magnetic surveys
Aero-magnetic survey merges the magnetic anomalies of multiple narrow sources, such as 
magnetised dykes. The magnetic method cannot resolve multiple narrow sources within 
a width less than about the height of the sensor, or around 60 m for our airborne data. 
Field mapping and more detailed ground survey is necessary to resolve the individual dyke 
anomalies. Ground magnetic traversing across a single aero-magnetic dyke anomaly in 
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this area typically reveals several individual dykes of 0.5–10 m width. This heterogene-
ity observed at ground level (or small scale) provides the quantitative data that can be 
translated statistically into a model of regional-scale heterogeneity. At the larger scale, 
the simulated heterogeneity is composed of several smaller heterogeneities (dykes), each 
with particular hydrogeophysical properties and anisotropy properties, which are in turn 
composed of even smaller heterogeneities (i.e. fractures), which can be seen in outcrop. 
Therefore, although the aero-magnetic anomalies are too broad to define small, field-scale 
heterogeneities, this limitation in resolution can be overcome either by using a visual, 
deterministic upscaling technique as detailed in Dickson et al. (2014) or by a direct geosta-
tistical manipulation of the continuous data (Dickson et al., 2015). These two alternatives 
are described below.

Deterministic parameterisation
Deterministic parametrisation assumes an understanding of the geological environment, 
where the structure or processes are defined and known within a degree of certainty. In 
our example case, visual analysis of the magnetic imagery and personal judgement were 
used to delineate regional heterogeneities (Fig. 28.1), based on the polarity and linearity of 
the magnetic anomalies. 
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Figure 28.2. (A) Reduced-
to-pole (RTP) total magnetic 

intensity (nT) for the area 
around the Lagan Valley; (B) 

tilt derivative of RTP (radians). 



Examination of the local and regional magnetic imagery indicated that a representative 
regional heterogeneity would be equivalent to a grouping of local heterogeneities. There-
fore, equivalent (upscaled) hydrogeological properties were calculated using the method of 
Cardwell and Parsons (1945), which provides a means of extending field-scale observations 
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Figure 28.3. MPS simulations 
for the area of Fig. 28.2 
for different probability 
thresholds: (A) 50%; (B) 60%; 
(C) 70%; (D) 80%. Dykes 
after Cooper et al. (2012). 



to a regional level. The aero-magnetics were used to determine an approximate dyke density 
throughout the wider area by correlating the density of 13 observed dyke outcrops with 
the aero-magnetic signals at these points. Using this approach, a highly positive correlation 
was observed (r2 = 0.9518), indicating that the integrated magnetic signal varies according 
to how many field scale dykes are merged. By processing the dyke density output with the 
method of Cardwell and Parsons (1945), hydraulic conductivity was determined for the 
wider area. 

Statistical parameterisation
The alternative, statistical application used here is a development of the stochastic process 
of Multiple Point Statistics (MPS) (Hu and Chugunova, 2008). We used a form of this 
process, the Direct Sampling Method, using the DeeSse computer code from Mariethoz 
et al. (2010).

In the application of MPS, a training image (TI) is chosen, which is a binary (i.e. 
sandstone = 0, dyke = 1) conceptual understanding of a pattern representative of an area of 
data. The process then searches for replication of this trend or pattern over the full survey 
area (known as the simulation grid) to statistically distribute a new understanding of the 
pattern or trend, displaying the result as a probability of occurrence. In our example, a 
conceptual understanding of dyke trend provided the initial TI conceptualisation. Sub-
sequently, the aero-magnetics data were transformed into an additional TI (which was 
continuous in design) and was combined with the original binary TI. Combining the TIs 
creates a relationship between a binary value and the overlapping continuous magnetics 
value. In this example, a 1 should correspond to highly positive or negative magnetics 
values. 

The simulation grid used here is the tilt-derivative of the RTP data. Using the binary 
TI conceptualisation of dyke trend and the corresponding aero-magnetics TI equivalent, 
the DeeSse code analyses the trends found in the TI and searches for similar trends within 
the RTP data. The resulting output is a probability map created with the software SGeMS 
(Remy et al. 2009), an effective tool for viewing the code output. The probability map 
portrays dyke occurrence where the code has simulated the presence of a dyke within a set 
number of simulations.

This output is a continuous statistical interpretation of dyke trends throughout the 
region (Fig. 28.3), as opposed to the deterministic, human interpretation. As 6000 
simulations were created, it was difficult to determine which probability map was most 
accurate and related to the known heterogeneity locations. Therefore, probability thresh-
olds (50%, 60%, 70% and 80%; see Fig. 28.3) were applied to the MPS simulations 
and resulting maps were compared with the interpretations of Cooper et al. (2012) and 
Dickson et al. (2014) to evaluate the MPS simulations and determine which matched the 
dyke trend direction, continuity and thickness. The statistical output was transformed 
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into a groundwater model parameter (hydraulic conductivity) using the details of the 
’Deterministic estimation’ section.

Results
The developed groundwater model (constructed using the industry-standard software 
FEFLOW™ 6.1) included the Lagan Valley aquifer and the overlying Mercia mudstone 
to provide model boundary conditions. The Mercia mudstone was subsequently deleted 
from the model domain before analysis. When the results of the deterministic simula-
tion were incorporated into the groundwater model, a significant positive correlation (r2 = 
0.89) resulted between actual and simulated groundwater levels at the borehole locations 
shown in Fig. 28.4a, with an error of only 6.06 m. The simulated water levels using this 
deterministic model are shown in Fig. 28.4b. As observed at the field scale, the dykes 
acted as barriers which are particularly evident in the water levels around Lisburn where 
the dykes are particularly dense. Actual water levels were higher than the simulated levels. 
The groundwater model demonstrates the dyke compartmentalisation through a change of 
groundwater flow direction, which trends parallel to the dyke locations and perpendicular 
to the average regional groundwater flow direction. Average flow direction is northeast at 
46°, which agrees with the conceptual model.

The stochastic simulation also produces a very significant positive correlation (r2 = 
0.86) with an error of 6.77 m (Fig. 28.4b). This result indicates that the MPS realisations 
are well constrained by the geophysical interpretation and filter out the magnetic overprint 
of the Antrim lava flows to the north and magnetic noise of urban areas, both of which 
suppress the dyke anomalies. This is most likely a result of the use of continuous auxiliary 
data instead of only the limited constraints of a number of boreholes. As a result, the 
integration of the MPS results provides a more comprehensive distribution of dyke occur-
rences, with more linear continuity, which increases their influence on groundwater flow. 
The presence of additional dykes increases compartmentalisation and therefore generally 
results in higher water table. The MPS method is similar to the deterministic method 
but with a statistical implementation of dyke location, particularly for locations that are 
obscured by noise or peripheral anomalies in the airborne data.

Both the deterministic and stochastic approaches show improvements in estimating 
water levels compared to the earlier isotropic model of Fig. 28.4b (r2 = 0.68), thanks to 
the improvement provided by the aero-magnetic mapping of dykes. With regard to flow, 
however, the simulated flow directions produce some similarities and some distinct dif-
ferences. Along the length of the River Lagan flow directions appear similar between the 
isotropic and anisotropic models due to the strong connectivity to the aquifer and hydrau-
lic gradients.

The largest differences in flow direction occur around the city of Lisburn at the dense 
swarm of simulated dykes. The effects are seen in both of the anisotropic models. Analysis 
indicates that the flow directions are parallel to the trend of the heterogeneity, i.e. the 
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Figure 28.4. Maps of (A) 
interpolated static water levels 
observed in boreholes within 
the aquifer and (B) simulated 
groundwater heads (masl) for 

the isotropic, deterministic 
and statistical analyses. Model 
regressions show the fit of the 

models and the root-mean-
square error values.



dykes are impermeable and force the groundwater to flow beside the heterogeneity in a 
broadly north-west direction. This is a distinct difference to the isotropic model, which 
portrays flow direction to be broadly to the east, towards Belfast Lough. It should be noted 
that in this area of dense simulated dykes, the River Lagan is not located within the SSG 
and does not have a significant effect. 

At the mouth of the River Lagan flow angles are very similar in all models, showing 
a distinct trend towards Belfast Lough. Slightly sharper and more distinct flow direction 
variations are observed within the model created by the MPS method due to the code 
being better able to estimate the location of the dykes. The deterministic method strug-
gled to define dyke locations in the urbanised area. However, the overall flow angles are 
broadly similar.

Groundwater management implications
The improvement and enhancement of groundwater models using aero-magnetic and other 
geophysical methods to improve the geological parameters could significantly improve 
the reliability of predictions based on these models. More reliable estimates of safe yields 
are particularly important in stressed aquifers, where demand approaches or even exceeds 
recharge, although this is not the case for the Lagan Valley aquifer. Improved charac-
terisation of the subsurface structure is also particularly important when using models to 
estimate the likely pathways of contaminants.

Through an improved understanding of borehole capture zones, the new model can 
assist in more accurate delineation of source protection zones for wells and provide guid-
ance on where to install monitoring systems. 

Testing the technique on other aquifers is encouraged as it could help improve the 
conceptual models of other groundwater bodies and thus serve the objectives of the Water 
Framework Directive for the protection, monitoring and sustainable use of groundwater 
resources. This would be especially useful in the many areas of Ireland with low-produc-
tivity, fractured aquifers.
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