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Abstract  19 

The Glasgow area has a combination of highly variable superficial deposits and a 20 

legacy of heavy industry, quarrying and mining. These factors create complex foundation and 21 

hydrological conditions, influencing the movement of contaminants through the subsurface 22 

and giving rise locally to unstable ground conditions. Digital geological Three-Dimensional  23 

(3D) models developed by the British Geological Survey are helping to resolve the complex 24 

geology underlying Glasgow, providing a key tool for planning and environmental 25 

management.  26 

The models, covering an area of 32,000 km2 to a depth of 1.2 km, include glacial and post-27 

glacial deposits and the underlying, faulted Carboniferous igneous and sedimentary rocks. 28 

Control data including, 95,000 boreholes, digital mine plans and published geological maps, 29 

were used in model development. Digital outputs from the models include maps of depth to 30 

key horizons, such as rockhead. The models have formed the basis for the development of 31 

site-scale high resolution geological models and provide input data for a wide range of other 32 

applications from groundwater modelling to stochastic lithological modelling. 33 
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Understanding urban geology is critical in addressing a wide range of problems 36 

associated with unforeseen ground conditions, groundwater systems, and the environmental 37 

impact of previous industrial activity.  Management and mitigation of such issues by those 38 

charged with developing, regenerating and conserving urban areas, requires access to high-39 

resolution, 3D geological information, particularly in areas characterised by complex geology 40 

(Culshaw and Price 2011).   41 

 42 

Over the past decade, digital systems have been increasingly used to facilitate urban 43 

planning, development and environmental management. Against this back-drop, the use of 44 

digital technology in geology provides important opportunities to develop digital geological 45 

resources that can: integrate more data from diverse sources; help visualise and analyse the 46 

subsurface in 3D spatial contexts; and provide flexible products designed to be integrated in a 47 

range of secondary modelling and engineering design applications . In recent years 3D 48 

geological models have increasingly been used to help communicate the  understanding of 49 

geology at national and urban scales (Thierry et al 2009; Wycisk et al 2009;  Van der Meulen 50 

et al., 2013; Schokker et al., 2015; Sandersen et al. 2015).  3D Geological  models, 51 

comprising fence diagrams of intersecting cross-sections, have been developed by the British 52 

Geological Survey (BGS) over the last 15 years for a range of applied uses, including 53 

groundwater flow; siting of infrastructure; hazard assessment and scientific investigation 54 

(Jackson and Green 2003; Smith et al. 2005; Merritt et al. 2006; Ford et al. 2008; Burke et al. 55 

2009; Kessler et al. 2009; Royse et al. 2009; Ford et al 2010; Campbell et al. 2010; Mathers 56 

et al. 2014).  57 

 58 

The city of Glasgow (Figure 1) is underlain by complex glacial, fluvial and marine 59 

deposits, and heterogeneous anthropogenic deposits that reflect Glasgow’s industrial heritage.  60 



These overlie bedrock consisting of faulted coal-bearing sedimentary rocks and intrusive and 61 

extrusive igneous rocks of Carboniferous age (Hall et al. 1998). The highly variable nature of 62 

subsurface geology provides a complex foundation for planning city infrastructure as well as 63 

complex and hydrological conditions. Furthermore, the legacy anthropogenic alteration such 64 

quarrying and coal and ironstone mining has caused localised subsidence resulting in failure 65 

of existing buildings (Browne et al. 1986; Merritt et al. 2007; Campbell et al. 2010). In the 66 

1980’s, a set of thematic Environmental Geology Maps for the Glasgow area were compiled 67 

by the BGS to help planners and developers. Themes included bedrock and superficial 68 

geology, drift thickness, mining, and hydrological information. These maps included as one 69 

of their inputs a database of 15,000 boreholes (Browne et al. 1986), since the 1980’s this 70 

databased has grown to nearly 100,000 boreholes. It would be impractical to synthetises 71 

such large amounts of data using traditional mapping methods. However, in recent years, 72 

advances in digital technology have paved the way for new methods of mapping, modelling 73 

and visualising the subsurface. This new capability, combined with the need for up-to-date 74 

geological information to inform decision making and support development programmes, has 75 

provided a basis for the development of a suite of 3D geological models for Glasgow and its 76 

‘hinterland’ area, the River Clyde catchment. 77 

 78 

In the Glasgow area, a programme of 3D geological modelling was undertaken as part 79 

of the Clyde-Urban Super-Project (CUSP) and in partnership with Glasgow City Council and 80 

other local and regulatory authorities.   A  suite of models were constructed between 2008  81 

and 2013, including separate bedrock and superficial deposits models for much of the urban 82 

area of greater Glasgow at  1:50,000 scale resolution, and a larger superficial deposits model 83 

covering the whole Clyde Catchment area at  1:250,000 scale resolution. A pioneering 84 

consortium approach was taken to the development and delivery of the 3D geological models, 85 



resulting in the establishment of the ASK (Accessing Subsurface Knowledge) network, a data 86 

and knowledge exchange consortium involving public and private sector partners. ASK 87 

promotes free flow of digital subsurface data and knowledge between its partners (Campbell 88 

et al. 2015). It encourages the use of a standardised template (GSPEC) for digital transfer of 89 

borehole data, and ingestion, storage and delivery of the data in the industry standard AGS 90 

digital format, via a portal managed by BGS. This allows for both development of 3D 91 

attributed geological models, and provides a user forum to refine the modelling process based 92 

on requirement of those who are using the models (Campbell et al. 2015; Bonser et al., 2014) 93 

 94 

This paper describes the bedrock and superficial models for Glasgow and the Clyde 95 

catchment, and the methods used in their development. Due to the nature of the geology and 96 

the variability in the types and quality of the input data, different software applications and 97 

methodologies were used to create the bedrock and superficial models. This paper also 98 

discuss how these models have been used to create bespoke products for clients as well as 99 

forming the geological input into hydrogeological and glaciological studies. 100 

 101 

1. Study area and Geology  102 

Glasgow, located in the west of Scotland’s Central Belt, comprises of the City of 103 

Glasgow and surrounding urban areas, collectively known as ‘Greater Glasgow’ (Figure 1). 104 

The city lies within a lowland terrain between the Highlands to the north and Southern 105 

Uplands to the south. The River Clyde flows west through the heart of the city into the Clyde 106 

Estuary at the head of the coastal inlet of the Firth of Clyde. The River Clyde catchment 107 

covers an area of ~3200 km2 extending from the Southern Uplands throughout much of the 108 

western half of the Central Lowlands (Figure 1). 109 

 110 



The suite of geological models developed for Glasgow include a high-resolution 111 

superficial deposits model covering 600 km2 of the Greater Glasgow area, a lower resolution 112 

superficial deposits model for the Clyde Catchment area, and a bedrock model covering 113 

approximately 80% of the Clyde Catchment area (see Figure 2 for model areas).  114 

1.1. Superficial Geology 115 

 116 

The superficial geology of the Clyde Basin area reflects successive transitions between 117 

glacial, marine, estuarine and fluvial environments that have occurred since the last major 118 

glaciation of the region during the Late Devensian period (c. 30 - 25 ka; Browne et al. 1989; 119 

Hall et al. 1998; Campbell et al. 2010; Finlayson et al. 2010,). Glacial till occurs widely 120 

throughout the Clyde catchment, where it typically overlies bedrock (Figure 2) (Hall et al. 121 

1998). In the lower parts of the catchment, underlying the urban area, the till is overlain by a 122 

highly variable sequence of deposits laid down during regional deglaciation, a subsequent 123 

marine inundation, and later by the development of the fluvial system of the River Clyde 124 

(Browne et al. 1989).  125 

 126 

1.2. Bedrock Geology 127 

The Clyde catchment is largely underlain by sedimentary and igneous rocks of 128 

Carboniferous age dissected by a complex network of faults (Figure 2, Forsyth et al. 1996; 129 

Hall et al. 1998). The oldest strata are of the Inverclyde Group and contain the Kinnesswood, 130 

Ballagan and Clyde Sandstone formations (Hall et al. 1998).  These strata comprise of 131 

sandstones and siltstones with thin beds of limestone and dolomite. Overlying the Inverclyde 132 

Group is the Strathclyde Group, consisting of interbedded sedimentary rocks and igneous 133 

sills, plugs and dykes primarily relating to the Clyde Plateau Volcanic Formation (Upton et 134 

al. 2004; Monaghan and Parrish 2006). The volcanic episodes giving rise to the igneous rocks 135 



occurred during a period of active extensional faulting in the basin 342 million years ago 136 

(Upton et al. 2004).  The resistant rocks of the Clyde Plateau Volcanic Formation form the 137 

uplands both to the north and south of the city of Glasgow. 138 

 139 

The Greater Glasgow area is largely underlain by the Clackmannan and Scottish Coal 140 

Measures groups, which overly the Strathclyde Group. These comprise cyclic sandstones and 141 

mudstones with limestones, coals, ironstones and seatrocks (Campbell et al. 2010).  The 142 

Scottish Coal Measures and Clackmannan groups have been extensively mined for coal and 143 

ironstone in the Glasgow area since the 1800’s. Undermining, commonly at shallow depths 144 

(less than 30 m below the ground surface), affects many areas that are planned for urban 145 

redevelopment (Browne et al. 1986). The collapse of underground ‘pillar and stall’ workings 146 

has resulted in cases of severe local subsidence affecting building stability. Sub-surface mine 147 

systems are also known to provide paths for groundwater contaminant movement and may 148 

influence the quality of groundwater in shallow aquifers (Campbell et al. 2010; Browne et al. 149 

1986). 150 

 151 

Both the sedimentary and igneous rocks have been subsequently cross-cut by a suite 152 

of major east – west striking faults. Associated with these major faults are minor faults in 153 

several different orientations (Figure 2). These formed in Late Carboniferous times and are 154 

associated with the development of major folds in the Carboniferous strata. (Underhill et al. 155 

2008).  156 

 157 

2. Available input data 158 

The strategy developed for the 3D geological model construction has been influenced 159 

by the availability of different sources of data, as well as its resolution and quality. Key data 160 



sources for model development include geological maps, borehole records, mine plans and 161 

digital elevation models which are used to constrain the ground surface elevation (Kessler et 162 

al. 2009; Kaufmann and Martin 2009; Jones et al. 2009).  163 

 164 

2.1. Geological Maps 165 

The majority of 3D geological models created by geological surveys in Europe are 166 

built upon a geological mapping heritage (e.g. Van der Meulen et al., 2013). As a result they 167 

tend to be largely constructed based on the information from boreholes and/or outcrops and 168 

show the geometries of stratigraphic units as their main parameter. Digital geological maps of 169 

the bedrock and superficial deposits are available for the whole area of the Clyde catchment 170 

at 1:50,000 scale, and for much of the urban area of Glasgow at 1:10,000 scale. The BGS 171 

digital map dataset DiGMapGB-50 V6 provided 1:50,000 scale geological map data for the 172 

Clyde Catchment Model. For the higher resolution models of the urban area, 1:10,000 scale 173 

digital map data from the DiGMapGB-10 dataset were used (Monaghan et al. 2014). The 174 

digital map datasets provide a range of stratigraphic and lithological information for each 175 

bedrock formation or superficial deposit unit, derived from the BGS Lexicon (Smith et al. 176 

2009). The geological map provided both the stratigraphic order and the top surface to the 177 

models. 178 

   179 

 180 

2.2. Boreholes  181 

The BGS holds 95301 digital borehole records for the Glasgow catchment (Figure 3) 182 

in the corporate Single Onshore Borehole Index (SOBI) and Borehole Geology (BoGe) 183 

databases (see Kessler et al. 2009). Within the Glasgow area, the archived borehole records 184 

are largely derived from site investigations and historic mining activity. The site investigation 185 



boreholes are typically shallow, with depths commonly between 2 – 5 m and were primarily 186 

drilled and logged by Glasgow City Council and their sub-contractors as engineering site 187 

investigations. Many boreholes related to historic coal and ironstone mining were drilled 188 

during the 1800’s to early 1900’s. These bores were drilled to prove subsurface coal 189 

resources at depths up to several hundred metres below the ground surface. Over 70 of 190 

boreholes were drilled or examined by BGS in Glasgow between 1960 and 1990 to constrain 191 

key elements of the stratigraphy of bedrock formations within the Glasgow area.   192 

 193 

The length of the 95301 boreholes varies from less than 1 m to 1300 m, however, the 194 

vast majority of the boreholes penetrate only to shallow depths; 75% of the boreholes are less 195 

than 18.1 m deep and the median borehole depth is 6.5 m (Figure 3). The lack of deep 196 

boreholes means there is less data available for bedrock modelling relative to that available 197 

for superficial deposits. The boreholes are not evenly distributed throughout the area, but are 198 

largely focussed in Greater Glasgow and the surrounding urban areas, and in regions 199 

underlain by strata of the Scottish Coal Measures Group. Elsewhere borehole distribution is 200 

sparse, with greater borehole density occurring locally along transport corridors (Figure 3). 201 

This clustering, along with the complexity of the geology, is one of the strongest controls on 202 

the uncertainty of the final models (see Campbell et al. 2010 and Kearsey et al 2015 for 203 

further discussion). 204 

 205 

2.3. Mine plans 206 

Mine abandonment plans dating from 1840 to 1980, related to historic coal and 207 

ironstone working, are held in the BGS archive. Many of these mine plan records have been 208 

digitally captured by BGS in ESRI ArcGIS® formats, with recorded levels transcribed to 209 

Ordnance Datum (O.D.) (Figure 4). To date, data on plans from 25 different coal seams have 210 



been digitised in the Clyde Catchment area, distributed throughout the regions underlain by 211 

coal and ironstone bearing strata (Figure 5). These plans provide detailed information on the 212 

depth and form of coal horizons at a range of stratigraphic levels, and the coal seam level 213 

information was used as control points when building coal seams in the 3D models. The 214 

position where faults cut key coal seams in the subsurface were used, along with the mapped 215 

trace of the fault at the surface to control dip and displacement in the 3D model.  216 

 217 

2.2. Digital Elevation Models   218 

Digital elevation models (DEMs) are used in the modelling to provide representations 219 

of the elevation of both the ground surface and the surface level of the bedrock (rockhead). 220 

The ground surface is constrained by the NEXTmap® digital terrain model (DTM), which is 221 

derived from digital elevation data acquired by airborne radar survey (Intermap 2011). The 222 

original NEXTmap® DTM has a 5 m grid spacing and a stated vertical accuracy of ~ ± 1m. 223 

However, due to restrictions in processing capacity of the 3D modelling software, the DTM 224 

was resampled to a 50 m grid resolution for the Greater Glasgow superficial deposits model 225 

and 500 m for the Clyde Catchment model.  226 

 227 

The BGS Rockhead Elevation Model (RHEM) was used to inform the modelling of 228 

superficial deposits in the high-resolution urban models, and to constrain superficial deposits 229 

thickness in the Clyde Catchment model. The BGS RHEM is a 50 m grid resolution national 230 

dataset that was derived by subtracting the thickness of superficial deposits, modelled from 231 

the national borehole dataset using a natural neighbour algorithm, from the NEXTmap® DTM 232 

(Lawley and Garcia-Bajo 2009). In the Clyde basin area, the RHEM is constrained by 44753 233 

proven rockhead depths from borehole records, and is ‘influenced’ by a further 7028 total 234 

depth (rockhead not proven) records (for details see Lawley and Garcia-Bajo, 2009). 235 



 236 

Rockhead forms the base surface of the high-resolution superficial deposits model for 237 

the Glasgow urban area. A new rockhead surface for this model area was constructed during 238 

development of the superficial deposits model to include rockhead data from over 600 more 239 

borehole records that were not available for construction of the BGS RHEM. This locally 240 

revised RHEM forms the top surface of the high-resolution bedrock model for the Glasgow 241 

area.  242 

 243 

2.4. Memoirs and other data  244 

Other sources of geological information utilised in the modelling process include 245 

geological memoirs (e.g. Francis et al. 1970; Forsyth et al. 1996; Hall et al. 1998; Monro 246 

1999 and Paterson et al. 1990, 1998), and PhD theses (e.g. Craig 1980). The geological 247 

memoirs contain most of the detailed information and control on the stratigraphy of the areas 248 

and it was from them the model stratigraphy was constructed. Cross-sections, structural 249 

information and thickness estimates for stratigraphic units from these sources provided 250 

additional constraints for development of the geological models. Stratigraphic descriptions 251 

and correlations for the Clyde Basin area, such as those provided by Browne and McMillan 252 

(1989) and Browne et al. (1999) provided essential context for defining the stratigraphic 253 

horizons to be represented in the 3D models.  254 

 255 

3. Modelling approach 256 

When the Clyde-Urban Super-Project (CUSP) was started no one piece of software 257 

available to the BGS was capable of dealing with both the data density in superficial deposits 258 

and complex faulted geometry and mine plan input data of bedrock coal measures strata. 259 

Therefore, when the project started different modelling strategies were used to model the 260 



bedrock and superficial deposits, and consequently a ‘suite’ of models has been developed for 261 

the Glasgow area. The anthropogenic and superficial and non-coalfield deposits were 262 

modelled using GSI3D® while coalfield strata were modelled using GoCAD™ software. The  263 

use of different modelling strategies reflects a pragmatic approach balancing considerations 264 

of potential user requirements, the geological complexity of both the superficial deposits and 265 

bedrock, constraints provided by modelling software capability, and varying levels of data 266 

availability for different stratigraphic units. Both GSI3D® and GoCAD™ represent 267 

geological surfaces using a series of triangulated irregular networks (TINs) which allows a 268 

complex geometries of geological structures to be captured in greater detail than grid based 269 

methods for similar computational data (Zu, X.F., et al. 2012).  270 

 3.1 Anthropogenic deposits (man-made ground) 271 

In urban areas often, one of the units that causes greatest geotechinal problems is 272 

man-made ground (De Beer, 2005; 2008; De Beer et al., 2012, Schokker et al 2017). In 273 

Glasgow the variety of different historical land use including, made and worked ground 274 

including filled and partially back-filled pits and quarries (Browne et al 1986) meant that is 275 

was impractical to sub-divide anthropogenic deposits in to different types (see Price et al 276 

2011). Instead all areas of man-made ground were primarily identified using Digital 277 

Geological Map (DiGMapGB 1:10 000) polygons. These were subsequently altered to 278 

encompass areas where boreholes reported additional areas of artificial ground greater than 3 279 

metres thick. Alterations were made using the Ordnance Survey maps to identify the extent of 280 

industrial areas, housing developments and other information. It was assumed that in urban 281 

areas that the was likely to be a 1m thickness covering of man-made ground throughout the 282 

city so the modelling methodology was focused around identifying areas of man-made 283 

ground thicker than 3 metres. 284 

 285 



3.2 Superficial deposits models 286 

 287 

A detailed model of the superficial deposits was developed for the Greater Glasgow 288 

area, utilising the high density of borehole records and available 1:10,000 scale digital 289 

geological map data. The higher resolution modelling approach for the urban area reflects the 290 

greater potential user requirements for geological information in relation to development 291 

pressures, environmental management, and mitigation of hazards related to ground 292 

conditions. The Greater Glasgow superficial deposits model includes 18 stratigraphic units 293 

(Figure 6), as defined by Browne and McMillan (1989).  A lithostratigraphic approach was 294 

used because the geological map and geometric understanding of the deposits was in that 295 

form. This forms the basis upon which lithological and geotechnical parameters can be added 296 

(see Section 5.2).  Stratigraphic associations were assigned to borehole during modelling 297 

process on the basis of lithological descriptions provided in the borehole record and position 298 

within the borehole and basin area (see Table 1).  299 

 300 

For the lower resolution Clyde catchment superficial deposits model (Figure 6), a 301 

simplified stratigraphy was used, comprising 9 lithogenetic units (Figure 6). The reduced 302 

resolution of the modelled stratigraphy reflects the sparse distribution of boreholes within 303 

much of the catchment area, and the fact that 1: 50,0000 geological maps for superficial 304 

deposits record lithogenetic units (e.g. Till, Glaciofluvial Sand and Gravel, or Alluvial 305 

Deposits) with limited stratigraphic information.  306 

  307 

The superficial deposits were modelled using the software package GIS3D, a system 308 

for the developing of ‘framework’ models generated from fence diagrams of intersecting 309 

cross-sections constructed by a geological modeller through interpretation of borehole 310 



records (Kessler et al. 2009). The interpretive approach is particularly suited for modelling 311 

superficial deposits and simply faulted bedrock in regions where the data density is variable, 312 

and has been employed in a range of urban environments. This is because it allows the 313 

geologist to use their expert judgement in areas of ambiguous data (Merritt et al. 2006; Ford 314 

et al. 2008; Burke et al. 2009; Kessler et al. 2009; Royse et al. 2009; Ford et al. 2010; 315 

Campbell et al. 2010; Price et al. 2010). This interpretive approach allows the geological 316 

modeller to use a range of resources alongside geological expertise to resolve discrepancies 317 

in data and to construct geologically-realistic geometries in areas where there is limited 318 

geological data.  319 

 320 

The Greater Glasgow superficial deposits model was constrained using 1167 cross-321 

sections and 11570 boreholes. From these sections are interpolated by the GSI3D® software 322 

into triangulated surfaces using a Delaunay-triangulation (Figure 6; Figure 7). The Clyde 323 

Catchment model used 1066 boreholes to constrain 85 cross sections, producing 41727 324 

control points for the triangulated surfaces (Figure 6, Figure 7). The location where each unit 325 

outcrops as the surface was constrained by DiGMapGB-10 for the Greater Glasgow model 326 

and was simplified from DigMapGB-50 (V6) for the Clyde Catchment model.  327 

 328 

3.2 Bedrock models 329 

Two separate strategies were adopted to construct the bedrock model covering most 330 

of the Clyde Catchment and adjacent areas. Northern and western areas of the Clyde 331 

catchment that are underlain by strata of the Clyde Plateau Volcanic Formation (Figure 2), 332 

were modelled using GSI3D®  software to construct stratigraphic surfaces and simple fault 333 

geometries (Figure 8, 9). The use of GSI3D®  in these areas reflects limited subsurface data 334 

constraints due to sparse borehole records and absence of mining data. The interpretive 335 



approach of GSI3D®, allowing users to model simple fault geometries and bedrock structure 336 

from surface observations and broader geological understanding of the region was preferred 337 

for these areas of limited data availability. 338 

 339 

In regions underlain by coal bearing strata, covering central and eastern areas of the 340 

catchment (Figure 2), the GOCAD® modelling software was used to construct more complex 341 

fault geometries and integrate the digitised mine data into the modelling process (cf. 342 

Campbell et al. 2010). The GOCAD® modelling package allows geological surfaces, such as 343 

the top of a stratigraphic unit or a coal horizon, to be interpolated from a set of control points 344 

provided by the borehole picks or mine plan data values and later cut, and offset, by a series 345 

of modelled faults. The GOCAD® modelling software and approach is widely used in the 346 

hydrocarbon industry and has been successfully applied to many complicated geological 347 

structures (e.g. Zanchi et al. 2009; Guyonnet-Benaize et al. 2010).  Modelled surfaces 348 

produced in GSI3D®  and GOCAD® can be output in compatible data formats to provide a 349 

unified bedrock model for most of the Clyde Catchment area. A seamless fit between the 350 

GSI3D® and GOCAD® models was achieved by importing the surfaces and control data from 351 

the GSI3D®  models into GOCAD®  and any decencies in the surfaces manually corrected; 352 

while insuring the surfaces still honour the control data. 353 

 354 

The bedrock stratigraphy of the Glasgow area is described by Browne et al. (1999) 355 

and summarised in Figure 8. Key stratigraphic horizons were identified for modelling on the 356 

basis of the regional geology, data availability and potential user requirements. In the coal-357 

bearing strata, the uppermost extensively worked coal seam horizons were selected for 358 

modelling due to a wealth of mine plan and borehole data (Figure 8).  359 

 360 



In both the GSI3D® and GOCAD® models, only major faults with displacements of 361 

greater than 100 m, or with surface traces exceeding 500 m, were modelled. These 362 

correspond with the ‘principal’ fault structures depicted on 1:50,000 scale geological maps or 363 

recorded in mine plan information. The bedrock model (Figure 9) consists of a total of 47 364 

separate stratigraphic surfaces and contains 794 individual faults (Figure 10). The horizons 365 

are modelled down to a depth of 1.4 km below O.D., and the modelled faults cut the entire 366 

modelled volume. Fault dips were assigned on the basis of intersection with worked 367 

underground coal seams, if available, or from geological map information. The model was 368 

constructed in six parts (Figure 10) including the coal field areas of Central Glasgow and the 369 

Douglas Coalfield, and the predominantly volcanic areas of the Campsie Fells, Kilpatrick 370 

Hills, Renfrewshire Hills, Beith-Barrhead and Southern Hills.  371 

 372 

The GSI3D® component of the bedrock models was constrained by 276 cross-373 

sections which were built using 24 boreholes and reference to 12 published cross sections 374 

(British Geological Survey 1970, 1971; Francis et al. 1970; Craig 1980; British Geological 375 

Survey 1992, 1993, 1995, 1998, 2002). The GOCAD® components of the bedrock model 376 

were constrained by 105921 control points including borehole picks, mine plan spot heights, 377 

outcrop lines and digitised coal seams.  378 

 379 

4. New geological findings from the models 380 

This 3D modelling methodology allows for the integration of more data from a 381 

greater range of sources than traditional map compilation. 3D models also contain higher 382 

resolution depth information that can be portrayed in 2D map formats, allowing more 383 

rigorous analysis of the complex spatial relationships between multiple datasets and leading 384 

to new discoveries about the nature of the geology under Glasgow. 385 



 386 

The superficial deposits Clyde Catchment model was used by Finlayson (2012, 2013) 387 

in studies of former glacial processes.  The model allowed patterns and volumes of sediment 388 

movement to be linked to different stages of ice sheet evolution through an ice sheet growth 389 

and decay cycle. The model was also used to calculate the volume of post-glacial sediment, 390 

and to demonstrate how these post-glacial sediments can produce errors in quantitative 391 

studies of former ice sheet beds. The, removal of postglacial sediments results in an increase 392 

in measured drumlin length, width, and relief, causing an increase in drumlin volume of 393 

between 37% and 119%  and also increased reconstructed glacier thickness is increased by 394 

5% (see Finlayson 2013). 395 

 396 

The Greater Glasgow superficial deposits model has been used to characterise deep, 397 

sediment-filled troughs known as buried valleys. A buried valley, which are incised into 398 

bedrock, lies along the line of the Kelvin Valley to the north of Glasgow (Figure 11) (Browne 399 

et al. 1986; Browne and McMillan 1989). These are important because they contain sand and 400 

gravel deposits up to 80 m thick which can act as important aquifers (Bonsor et al. 2013). The 401 

3D models allow this valley to be characterised with a higher degree of accuracy than was 402 

indicated by the previous ‘drift thickness’ Engineering Geology map for the area (Figure 11). 403 

3D modelling demonstrates the valley is 15 km long and up to 137 m deep (to a depth of -404 

79 m below O.D), and has a markedly undulating base (Figure 11).  The morphology of the 405 

buried valley suggests it has a sub-glacial origin, although the processes by which such 406 

features are formed remains poorly known (Campbell et al. 2010).  407 

 408 

The bedrock model of the Clyde Plateau Volcanic Formation and underlying strata 409 

has identified an overstepping unconformity, where tilting and erosion of the underlying 410 



Clyde Sandstone, Ballagan and Kinnesswood formations means that the Clyde Plateau 411 

Volcanic Formation overlies successively older rocks. Millward and Stephenson (2011) 412 

identified through the modelling process, that a transpressional ‘pop-up’ fault duplex 413 

structure is forming in a bend on the strike-slip Campsie West Fault. This was discovered by 414 

validating the mapped fault traces and displacement in 3D and considering new scientific 415 

understanding of the kynimatics and timing of the Caboniferous fault systems (e.g. Underhill 416 

et al. 2008). The local uplift of this structure associated with movement of the Campsie West 417 

Fault during Carboniferous times provides a mechanism for formation of the unconformity 418 

between the Clyde Plateau Volcanic Formation and underlying strata of Early Carboniferous 419 

age (Millward and Stephenson 2011). 420 

 421 

5. Applications and delivery of the 3D models  422 

A key aim for the Glasgow modelling program was to develop the capabilities for 423 

flexible generation of outputs for use in a range of applications from site investigation 424 

planning to further numerical analysis. The Glasgow superficial and bedrock models are 425 

being used as an input into a wide range of applications (Figure 12), these include lithological 426 

and hydrogeological mathematical models, and as starting points for higher resolution models 427 

for site investigations.  428 

 429 

5.1. Input into higher resolution site-specific geological models 430 

 The Glasgow geological model forms a basis for the development of higher resolution 431 

geological models for site-specific applications. This has included using the regional model 432 

to site ground investigation boreholes across features of interest to the client and ‘cookie- 433 

cutting’ parts of the regional models and densifying them to include new ground investigation 434 



data. This process often refined and alters the regional model to help answer questions 435 

specific to the client.  This approach has been used to build bespoke models for development 436 

projects including construction for sections of the Commonwealth Games site, hosted by the 437 

City of Glasgow in 2014 (Campbell et al. 2010);  the planning of the Shieldhall Strategic 438 

Tunnel; and the Ravenscraig Urban Regeneration project. The bespoke models were 439 

developed using input data from the regional bedrock and superficial deposits models, 440 

combined with new site investigation data, creating a more detailed local model for the area 441 

of interest (Figure 13). 442 

 443 

5.2. Parameterising models; lithology and hydrology  444 

The models can be parameterised to enhance their utility for land-use planners, civil 445 

engineers and hydrogeological applications. Bulk lithological and geotechnical properties 446 

were derived for the Glasgow superficial deposits models using the National Geotechnical 447 

Properties database and summarised for each geological formation (Merritt et al. 2006; 448 

Campbell et al. 2015). These geotechnical properties were used to assign an engineering 449 

classification reflecting the bulk characteristics of each unit (Campbell et al. 2015).  450 

 451 

A more detailed investigation of the lithological variation in highly heterolithic 452 

lithostratigraphic units such as the superficial deposits of Central Glasgow has employed a 453 

stochastic modelling approach (Kearsey et al. 2015). This was used because some of the 454 

lithostratigraphic unit contain a wide range of lithology, for instance slay, silt, sand, gravel 455 

and peat (Table 1). Stochastic modelling was used to refine the lithological distribution 456 

within the stratigraphic units. The lithostratigraphic surfaces from the superficial GSI3D 457 

models were used as inputs in the stochastic modelling procedure. The method allows the 458 

modelling of graded and variable lithological contacts, and provides greater resolution in 459 



regard to the lithological heterogeneity of key units than can be reflected in attribution of 460 

bulk characteristics alone (Kearsey et al. 2015). It was found that only those stratigraphic 461 

surfaces that represented and erosional contact were needed to control the stochastic 462 

simulation and this improved the ablity of the model to predict  lithology (see  Kearsey et al. 463 

2015  464 

 465 

The GSI3D® modelling workflow developed by BGS has been specially designed to 466 

interface with hydrological flow modelling software, such as ZOOMQ3D (Merritt et al. 2007; 467 

Campbell et al. 2010). The Clyde Catchment superficial deposits model has been converted 468 

in to hydrologically attributed volumes to create a numerical groundwater model for the 469 

Clyde Catchment (Campbell et al. 2010). The regional groundwater model is being used in 470 

conjunction with the higher-resolution Greater Glasgow superficial deposits model to analyse 471 

groundwater flow in the urban areas. The aim of this modelling project is to improve 472 

Sustainable Drainage Systems (SuDS) and assess risks related to groundwater flooding 473 

(O’Dochartaigh, Bonsor and Bricker in this volume). The Greater Glasgow model is also 474 

being used in analysis of hydraulic heads and groundwater fluxes; Bianchi et al. (2015) 475 

demonstrate that incorporating the modelled lithostratigraphic relationships into groundwater 476 

flux analyses increases their accuracy and reduces the uncertainty of predictions in the 477 

Glasgow superficial deposits.  478 

5.3. Model delivery 479 

The greatest challenge facing the uptake and use of 3D geological models is how they 480 

are delivered to the end user. While 3D models represent a great step forward in the quantity 481 

of input data used to construct them and the resolution of geological units at depth, when 482 

compared to the traditional paper map, 3D models may be difficult to orientate and 483 

investigate with reference to particular points of interest. While 3D models are often a good 484 



way of visualising the geological subsurface, the often lack the detail found in the key of a 485 

geological map and are hard to take accurate 2D measurements on. 486 

As it is envisaged that 3D models will replace paper maps in the conventional geological 487 

engineering ‘desk study’ (Culshaw et al. 2006), they must be able to convey the same level of 488 

information as a paper map as well as additional features, including the capability to 489 

construct  cross sections or borehole prognoses anywhere in the model area. Therefore, any 490 

model delivery system has to be able to fore fill all these functions. 491 

 492 

In Glasgow, the ASK network was established by BGS and Glasgow City Council in 493 

part to facilitate the development of data sharing methods for 3D geological data (Campbell 494 

et al. 2015).  The diverse range of partners involved in the network gives rise to challenges in 495 

delivering models and model outputs in accessible formats as there is no common geospatial 496 

software used by all partners. However, internet delivery provides the opportunity to deliver a 497 

wide range of data to both specialist and non-specialist audiences (Culshaw et al. 2006). In 498 

recent years, the BGS has increasingly used online delivery mechanisms for products and 499 

services, including digital geological maps, to internet browsers (Westhead 2010: Smith and 500 

Howard 2012), and increasingly through smartphones and tablet computers (Shelley et al. 501 

2011). To facilitate data delivery to the ASK network, a web portal was developed utilising 502 

the BGS Groundhog application (Wood et al. 2015). This portal allows the models to be 503 

viewed over the web and interrogated by means of ‘virtual’ cross-sections and boreholes 504 

anywhere in the modelled area (Figure 14).   505 

 506 

As Culshaw and Price (2011) note, not all users of geological information in urban 507 

areas want, or need, the same information. The advantage of 3D models over paper maps is 508 

that outputs in a range of formats may be readily tailored to the user’s needs or interests. In 509 



ongoing work between Glasgow City Council and BGS, as part of a Knowledge Exchange 510 

fellowship (grant ref. NE/N005368/1), has identified the key geological horizons that provide 511 

important subsurface information to help inform planning procedures have been identified 512 

from the geological models.  For example, the Greater Glasgow superficial deposits model it 513 

was identified that top of the till is important horizon when designing foundation for 514 

buildings. As a result the models were used to create maps of depth to the top of the till 515 

(Figure 15A).  Also the occurrence and thickness of buried unconsolidated sand and gravel 516 

deposits (Figure 15B) was important when looking for groundwater resources. It was also 517 

identified that subsurface mine workings also pose particular problems for development in 518 

the Glasgow area, and can affect contaminant migration through the subsurface (Browne et 519 

al. 1986). The 3D bedrock model can be used to derive maps of the known area of worked 520 

coal seams and depth to workings from the ground surface (Figure 15C) and help to highlight 521 

areas where coal mining may cause issues for building development.  These maps are also of 522 

use in assessing the opportunities of using groundwater from abandoned mine for ground 523 

source heat extraction (Campbell et al. 2015).  The relative ease with which such maps can be 524 

created tailored to user needs from a single unified 3D models means it is possible to quickly 525 

generate outputs tailored answer specific questions that an end user may have of the geology.  526 

5.4. Model maintenance and update 527 

Information about the urban subsurface changes quickly. Invasive ground 528 

investigations, which are the major source of input data for shallow sub-surface 3D 529 

geological models, regularly generate new data in urban areas. In Glasgow, these data 530 

historically came to the BGS in the form of paper records and scans. Digitally capturing these 531 

borehole data in databases was a very time-consuming and costly manual process and has 532 

often been the limiting factor in model updates. However, the ASK network, developed by 533 

BGS and Glasgow City Council, is transforming digitally the capture of ground investigation 534 



data in the Glasgow area  (see Bonser et al., 2014 for details). A key to this network’s success 535 

is widespread acceptance of the use of a standardised template (GSPEC) for digital transfer of 536 

borehole data, and ingestion, storage and delivery of the data in the industry standard AGS 537 

digital format, via a portal managed by BGS (Bonser et al., 2014).  538 

 539 

This, however, poses a new challenge for updating 3D models as traditionally third 540 

party borehole data were assessed against field observations and the understanding that 541 

underpins the geological map. The increase in digital borehole data will necessitate the 542 

development of novel methods to check the new borehole data against the existing 3D model. 543 

This would highlight areas where new data contradict the existing model and allow the 544 

geologist to prioritise updating in those areas. 545 

 546 

8. Conclusion 547 

The move from 2D to 3D geological data for Glasgow continues a process of 548 

developing  geological products for applied uses that began with the Environmental Geology 549 

Maps developed by BGS in the 1980’s. The modelling methodologies outlined in this paper  550 

developed for Glasgow have allowed vast quantities of subsurface data in a range of formats 551 

to be readily integrated, improving the resolution of geological units underlying the urban 552 

area and the Clyde Catchment. The modelling approach has paved the way for development 553 

of a broader range of tailored products to meet the diverse needs of urban user communities. 554 

Modelling approaches therefore offer more responsive methods for undertaking geological 555 

investigations, especially where input data is available in digital formats.  556 

 557 

The models described in this work are being utilised by Glasgow City Council to 558 

investigate ground source heat potential of mine waters and superficial deposit aquifers 559 



beneath the Glasgow conurbation, (Glasgow City Council 2010). By understanding how they 560 

are being used in this context is helping to refine how the models are delivered to different 561 

clients in the future. They are also an invaluable input into other hydrological and property 562 

models (Kearsey et al. 2015; Bianchi et al. 2015; O’Dochartaigh, Bonsor and Bricker in this 563 

volume).  564 

 565 

The digital nature of all of the data used to create the models, and the models 566 

themselves means that unlike the paper map, the 3D model is not the end point, but rather the 567 

beginning. The models, and the data used to create them, can be easily recombined and 568 

displayed in a range of formats. The models may also be revised to include new data as it 569 

becomes available. Geological model development, validation and their testing and future 570 

improvement, relies on the availability of sufficient high quality digital data. The benefits 571 

conveyed by 3D geological models can only be realised following considerable investment in 572 

the digitisation of historic records, and/or the capture of new digital data using rigorous and 573 

consistent methodologies.  574 
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766 

Figure 1 – Map of central Scotland showing the River Clyde Catchment and urban area of 767 

Greater Glasgow. Includes mapping data licensed from Ordnance Survey. © Crown 768 

Copyright and/or database right 2017. Licence number 100021290 EU and NEXTMap 769 

Britain elevation data from Intermap Technologies. 770 

 771 



772 

Figure 2 – Superficial and bedrock geology maps from DiGMapGB-50 V6 for the study area.  773 

The names of the individual bedrock units are as follows: Stewartry Group (STEW), Scottish 774 

Coal Measures Group (CMSC), Clackmannan Group (CKN), Strathclyde Group (SYG). 775 

Inverclyde Group (INV). Stratheden group (SAG), Arbuthnott-Garvock Group (ATGK) 776 

Lanark Group (LNK), Strathmore Group (SEG), Tappins Group (TAP), Silurian 777 

undifferentiated (SILU), Kirkcolm Formation (KKF) ,Gala Group (GALA), Crawford Group 778 

and Moffat Shale Group (CRMF), Portpatrick Formation and Glenwhargen Formation 779 

(PPWG), Shinnel Formation and Glenlee Formation (SHGN). Includes mapping data licensed 780 

from Ordnance Survey. © Crown Copyright and/or database right 2017. Licence number 781 

100021290 EU. 782 

 783 



 784 

Figure 3 – Map showing the distribution of all the borehole records currently held by the 785 

BGS in the study area.  The borehole points are coloured based on the total depth of the 786 

borehole and show that the majority of the deep boreholes (blue) are only found in the area of 787 

the coal measures. The histograms show the frequency distribution of the depth of these 788 

boreholes (top right) and an expanded plot for boreholes less than 100m deep (Includes 789 

mapping data licensed from Ordnance Survey. © Crown Copyright and/or database right 790 

2017. Licence number 100021290 EU and NEXTMap Britain elevation data from Intermap 791 

Technologies). 792 
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 794 

Figure 4 – A detail of a digitised mine plan in the central Glasgow area, showing the 795 

geographical area of known worked coal seam (in blue) and the depth measurements shown 796 

as point data attributed with values from the mine plans converted to depths relative to 797 

Ordinance datum (O.D) (Includes mapping data licensed from Ordnance Survey. © Crown 798 

Copyright and/or database right 2017. Licence number 100021290 EU). 799 

 800 



 801 

Figure 5 – The geographic extent of all the mine plans digitised at 2014 in the Clyde 802 

Catchment area. The hatched area shows the extent of the Carboniferous Coal measures 803 

(Includes mapping data licensed from Ordnance Survey. © Crown Copyright and/or database 804 

right 2017. Licence number 100021290 EU). 805 
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807 

Figure 6 – The Clyde Catchment (top left) and Greater Glasgow (bottom left) superficial 808 

geology models.  The area of the Clyde Catchment model which is covered by the higher 809 

resolution urban model is shown by the black box The the key to major stratigraphic units 810 

used in the superficial models derived from Browne and McMillan (1989) for both the 811 

detailed central model and catchment models (right).  812 

 813 



Figure 7 – 814 

Maps of the cross-sections and control points used to derive triangulated surfaces for the 815 

Clyde Catchment (top) and Greater Glasgow (bottom) models in GSI3D. Boreholes that were 816 



used to constrain the cross sections are shown as blue crosses. Area A is the area of the Clyde 817 

Catchment model which is covered by the Greater Glasgow model. 818 

 819 

820 

Figure 8 – The stratigraphic horizons represented in the bedrock model. The horizons marked 821 

in red were modelled in GOCAD® and those in blue were modelled in GSI3D®. For the 822 

geographical position of the modelled areas see Figure 10.  823 
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 825 

Figure 9 – The completed bedrock geology models for the Clyde Catchment. Cross section 826 

running north (A) to south (B) shows the integrated GOCAD® and GSI3D® models across the 827 

catchment.  828 

 829 



 830 



Figure 10 – The stratigraphic horizon control point data (A) and  the modelled fault network 831 

(B) for the bedrock geology model for the Clyde Catchment. Faults and surface control points 832 

modelled in GOCAD® (red) and GSI3D® (blue) are shown. The model areas outlined by 833 

dashed lines are: i) Renfrewshire Hills, ii) Kilpatrick Hills, iii) Campsie Fells iv) Central 834 

Glasgow, v) Beith-Barrhead and Southern Hills, v) Douglas Coalfield and Hamilton area. 835 
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 837 

838 

Figure 11 – A comparison between the hand-drawn superficial thickness contours from 839 

Environmental Geology Maps from 1986 (left), with a gridded superficial thickness data 840 

derived from the Greater Glasgow model (right). 841 
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843 

Figure 12 – Applications of and uses of the 3D geological models in the Clyde Catchment. 844 
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846 

Figure 13 – Muti scale bedrock model Left hand side shows different scales of modelled : a) 847 

site specific model, b) local scale model, c) regional scale model, d) basin scale model. Right 848 

a diagram representation of site-specific model sitting within a regional scale model. Note the 849 

geological complexity increases in the site-specific model due to increased input data but it 850 

retains the broad structures seen in the regional model. 851 



 852 

853 

Figure 14 – Auto-generated cross-section and borehole stick through the Greater Glasgow 854 

model from BGS Groundhog webviewer. Includes mapping data licensed from Ordnance 855 

Survey. © Crown Copyright and/or database right 2017. Licence number 100021290 EU and 856 

NEXTMap Britain elevation data from Intermap Technologies. 857 
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859 

Figure 15 – Map outputs derived from Glasgow superficial and bedrock models. A) Shows 860 

the occurrence of till in part of the Greater Glasgow area; darker blue highlights the 861 

distribution of till at surface in and lighter blue indicates distribution of till beneath overlying 862 

deposits. The contours indicate depth in metres below ground surface to the top of the till. B) 863 

The occurrence of buried sand and gravel deposits in part of the Greater Glasgow area, 864 

contours represent the thickness of sand and gravel in metres. C) Raster grid of a worked coal 865 

seam from the 3D model with contours and colour gradation indicating depth below ground 866 

surface. The areas highlighted in red indicate shallow workings within within 30 meters of 867 



the surface, blue area indicate deep workings greater than 60 m below the ground surface. 868 

Includes mapping data licensed from Ordnance Survey. © Crown Copyright and/or database 869 

right 2017. Licence number 100021290 EU. 870 


