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Abstract 12 

 13 

The far-field effects of CO2 storage on onshore potable groundwater systems is examined for 14 

a hypothetical injection site within the Sherwood Sandstone Group (SSG) on the East 15 

Lincolnshire coastline, United Kingdom (UK).  Using the quasi-three dimensional object-16 

orientated groundwater flow model ZOOMQ3D, supported by conceptualisation and aquifer 17 

parameterisation of the wider hydrogeological setting, injection of 15 Mt/yr of CO2 for 20 yrs 18 

(60 Ml/day groundwater equivalent) into the aquifer at depth is simulated.  Model scenarios 19 

are carried out which test the dissipation of pressures up-dip within the storage formation.  20 

When applying typical vertical hydraulic conductivity of 10
-6

 m/day to the Mercia Mudstone 21 

Group (MMG) caprock groundwater pressure heads in the shallow confined SSG aquifer, 60 22 

km up dip, where it is used for potable water supply, increase by 0.01-10 m.  Groundwater 23 

levels within the unconfined aquifer, 80-100 km up-dip from the injection zone, increase by 24 

<0.01m to 1m with a corresponding increase in river flows of approximately 1.7%. Two 25 

important points are observed, firstly that the degree of impact on shallow groundwater 26 

systems is highly sensitive to the vertical leakage assigned to the caprock. When the leakage 27 

co-efficient is increased by one order of magnitude groundwater heads in the potable aquifer 28 

are reduced by two orders of magnitude. Secondly, that the response of groundwater pressure 29 

heads to injection is rapid, as is the subsequent recovery. Using a groundwater model, in 30 

addition to detailed reservoir modelling, provides a useful tool to assess the potential scale of 31 

impact of CO2 storage on shallow groundwater systems and can be used to aid the regulation 32 

of such operations. 33 

Keywords: Groundwater, CO2, model, sandstone, pressure, permeability, Sherwood 34 
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1. Introduction 37 

 38 

Carbon Capture and Storage (CCS) presents new challenges to the regulator and licensing 39 

regime for the underground storage of CO2. In particular, for onshore and nearshore sites the 40 

impact of CO2 storage in geological formations on groundwater systems is potentially 41 

significant.  The prediction of behaviour during the physical migration of CO2 within 42 

groundwater systems (IPPC, 2005), and the propagation of increased groundwater pressure 43 

heads arising from injection pressures (Bergman and Winter 1995) requires the integration of 44 

an understanding of the geological framework, the multiphase flow of dense CO2 and the 45 

hydrogeological regime.  Compared with migration of CO2, the influence of increased 46 

groundwater pressures is far-reaching with effects felt at distances of over 100 km compared 47 

with distances typically less than 5 km for the migration of CO2 (Nicot, 2008; Birkholzer and 48 

Zhou, 2009; Yamamoto et al., 2009).  Pressure perturbations within groundwater systems 49 

have implications for groundwater discharges, both natural and artificial, as well as the 50 

physical displacement of saline water into areas of fresh potable water.  The impacts on 51 

groundwater systems are not necessarily restricted to the storage formation with the 52 

vulnerability of overlying and underlying aquifer systems dependent on the integrity of the 53 

caprock and the presence of leakage routes. Leakage via wells (e.g. Celia et al., 2011), along 54 

existing or induced faults and fractures, vertically through permeable caprock intervals and 55 

up-gradient through the storage formation are the most likely mechanisms for CO2 escape and 56 

pressure dissipation (Figure 1)(Bricker et al., 2010; Koornneef et al., 2011). 57 

Figure 1 Schematic of the hydrogeological system present within the study area.  58 

Hypothetical leakage pathways for pressure dissipation are shown. 59 

Assessment of the impacts of CO2 storage in deep saline formations (DSFs) on the wider 60 

groundwater environment are more limited than other CCS investigations.  Those 61 

investigations that do consider impacts on the groundwater environment frequently omit an 62 

assessment of pressure effects, concentrating rather on the fate and transport of CO2 leakages 63 

and the resultant acidification of water and ecosystem impacts.   The Environmental Impact 64 

Assessment (EIA) for CO2 storage in geological formations requires consideration of 65 

groundwater directives (Directives 2000/60/EC and 2006/118/EC) for the protection of 66 

groundwater against pollution and deterioration (EU, 2009) and should consider pressure 67 

effects as well as CO2 leakage.  Recent evaluation of EIAs for CCS operations in a UK setting 68 

identify the risk to groundwater systems from CO2 leakages but pressure effects are not 69 

included in the list of potential impacts (Hill et al., 2009).  First acknowledged by Bergman 70 

and Winter (1995), the impacts of injection pressures on groundwater systems were only 71 

considered in a qualitative manner until Nicot (2008) published the outcomes of a quantitative 72 
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groundwater model looking at the effect of CO2 storage on fresh-water aquifers in the Texas 73 

Gulf Coast basin.  Further modelled outputs have been published subsequently (Birkholzer et 74 

al, 2009; Birkholzer and Zhou, 2009; Yamamoto, 2009; Person, 2010) but none consider a 75 

UK geological setting.   76 

Research into the potential geological storage capacity for CO2 within the UK offshore 77 

territory has identified several DSFs of the southern North Sea as suitable targets (Brook et 78 

al., 2002). In particular, faulted stratigraphical and structural traps in the Sherwood (Bunter) 79 

Sandstone Group (SSG) represent a key target.  Onshore this stratigraphical horizon is a 80 

principal aquifer for groundwater resources in the East Midlands of England (WMC, 2005). 81 

Although storage of CO2 in onshore geological formations is not currently being considered 82 

by the UK government (EA, 2011),it is recognised that a deep geological formation offshore 83 

may have a natural hydraulic onshore connection and that the impacts of CO2 storage in the 84 

near-offshore may not be confined to offshore localities.  An assessment of the wider 85 

hydrogeological setting is therefore required.  Any evaluation of the impacts of CO2 storage 86 

which does not include an assessment of increased pressure heads will significantly 87 

underestimate the radius of impact of injection and the risk to surrounding areas (Oruganti 88 

and Bryant, 2009). 89 

The SSG aquifer system has been modelled previously at different spatial scales with varying 90 

degrees of complexity. Firstly in the early 1990s, covering the area around Nottingham 91 

(Bishop and Rushton, 1993) and then subsequently extended to include the Doncaster area 92 

(Shepley, 2000; Shepley and Soley, 2009). These groundwater models were commissioned by 93 

the environmental regulator with the purpose of assessing regional groundwater resources and 94 

cover the unconfined and potable confined SSG.   As part of the CASSEM (CO2 Aquifer 95 

Storage Site Evaluation and Monitoring) project (Smith et al., 2011) and using data from a 96 

real site in the North East of England we examine, using a ZOOMQ3D groundwater model 97 

(Jackson and Spink, 2004), the response of shallow groundwater systems to hypothetical 98 

injection pressures within the SSG. Particular attention is paid to preferential pressure 99 

displacement up-dip within the storage formation and vertically through overlying strata.   In 100 

this way the scale of impact of CO2 injection into a deep saline aquifer within relative 101 

proximity of important shallow groundwater systems can be analysed.    102 

With the benefit of a basin-scale groundwater flow model, populated with site-specific 103 

hydraulic parameters, key questions about the impacts on ground and surface water systems at 104 

the interface of confined and unconfined flow and the interaction of groundwater with surface 105 

water systems may be examined.  For example, will increased pressure heads propagate into 106 

fresh potable aquifer systems and what will the response in groundwater heads and 107 
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groundwater-fed surface water systems be? Our study begins to address these concerns by 108 

investigating which data are required and demonstrating the validity of using a comparatively 109 

simple but cost-effective modelling approach to aid in the regulation of CO2 storage 110 

operations. 111 

  112 

2. Study area  113 

 114 

2.1 Geology 115 

A real site was selected on the East Lincolnshire coastline to model the hypothetical onshore 116 

injection of CO2, with the SSG forming the storage formation and the overlying Mercia 117 

Mudstone Group (MMG) acting as the primary sealing formation (Figures 1 and 2). The 118 

geology of the study area was examined as part of the CASSEM project, an account of which 119 

is provided in (Monaghan et al., 2012). The geological sequence within the study area is 120 

summarised in table 1.  Land between the SSG outcrop area in the west and the injection zone 121 

in the east is predominantly flat, falling off from 600 m in the Peak District to sea-level at the 122 

Humber Estuary and Lincolnshire coast some 80 Km away.  Other than the chalk of the 123 

Lincolnshire Wolds, which form a local high, much of the land has an elevation of less than 124 

100 m AOD.   125 

 126 

Regionally the bedrock dips gently (1-2
o
) to the east with progressively younger units 127 

cropping out in that direction.  Defined by a north-south trending outcrop area approximately 128 

80 km west of the injection zone, (Figure 2) the SSG comprises red-brown Triassic sandstone 129 

with calcareous mudstone and mud flake conglomerate and ranges in thickness from 90 m 130 

south of Nottingham to 400 m at the Humber estuary.  The overlying MMG comprises 131 

mudstone, siltstone and sandstone with anhydrite and gypsum.  The youngest bedrock 132 

deposits within the study area are the chalks of Cretaceous age which are present at surface 133 

along the East Lincolnshire coastline, separated from the injection zone by some 1,200 m of 134 

intervening bedrock. 135 

 136 

The SSG and MMG deposits form part of the onshore section of the Eastern England Shelf 137 

where relatively undisturbed Permian deposits dip gently to the North Sea (Milodowski et al., 138 

1987).  Offshore the Eastern England Shelf extends beyond the Dowsing Fault Zone into the 139 

Southern North Sea Basin.  Fault displacements in the region of 400 m are recorded within 140 

the Dowsing Fault Zone, which lies approximately 50-75 km offshore and for the purpose of 141 

our investigations marks the easterly extent of our study area. 142 

 143 
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Figure 2 – Geology of the study area with model boundaries and injection points shown.  144 

Geological cross-section through the study area annotated with hypothetical leakage 145 

routes.  146 

 147 

2.2 Hydrogeology 148 

The study area is hydrogeologically significant with three principal aquifers present within 149 

the geological sequence between the injection zone and the ground surface, these are, with 150 

increasing age, the Chalk Group, the Lincolnshire Limestone Formation and the SSG (Table 151 

1), which support 370 Ml/d, 150 Ml/d and 450 Ml/d licensed groundwater abstraction 152 

respectively within the study area (Bricker et al., 2010 and refs therein).  In the East of 153 

England over 45% of public water supply is derived from groundwater sources, largely 154 

supplied by the Chalk and the Lincolnshire Limestone, while the SSG provides for a quarter 155 

of all abstraction in the UK (Downing, 1998).   156 

 157 

The Chalk Group forms the uppermost, or shallowest, bedrock aquifer unit of interest.  In 158 

Lincolnshire the Chalk Group is characterised by a southeast-northwest escarpment which 159 

falls steeply to the west and dips gently to the east (1-2
o
).  It is approximately 60 m thick at 160 

the escarpment increasing to 100 m or more at the coast.  The Chalk Group is a principal 161 

aquifer and supports high yielding supplies.  Within the study area it forms a highly 162 

transmissive, dual porosity aquifer (median transmissivity (T) – 1,800 m
2
/d; MacDonald et 163 

al., 2001) with fractures permitting significant groundwater flow.   Artesian groundwater 164 

conditions are found within the study area along with wetland environments sensitive to 165 

groundwater level fluctuations.   Whilst there is evidence of vertical leakage between the 166 

Chalk and the underlying Lower Cretaceous Deposits (Whitehead and Lawrence, 2006), there 167 

is no evidence of leakage through the Jurassic clays to deeper aquifer units.   While fissures, 168 

from centimetre scale through to macro fault features occur within Mesozoic mudstones, such 169 

as the Jurassic clays, their strength may be insufficient to sustain open fissures at significant 170 

depths below ground surface (Tellam and Lloyd, 1981). Artificial (deep boreholes) and direct 171 

(faults) leakage routes aside, this implies that the Jurassic clays represent a hydraulic barrier 172 

separating the Chalk from the influence of CO2 storage in the SSG.   173 

 174 

Limestones of Jurassic age, of which the Lincolnshire Limestone Formation is the most 175 

significant aquifer unit, form an alternating sequence of thicker limestone or sandstone bands 176 

inter-bedded with thinner silt or clay horizons.  The Lincolnshire Limestone Formation dips 177 

gently to the east; from thickness of 40 m in South Lincolnshire it pinches out to the north and 178 

south and down-dip (Allen et al., 1997).  At Cleethorpes, to the north of the injection sites, 179 

17.2 m of Lincolnshire Limestone was recorded (Downing et al., 1985).  As an aquifer, the 180 
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Lincolnshire Limestone is highly transmissive due to significant fracturing along bedding 181 

planes and secondary permeability is provided by solution enhanced karstic features (Allen et 182 

al., 1997).  Abstraction from the Lincolnshire Limestone comes largely from the confined 183 

aquifer where the saturated thickness is less fragmented by fractures and incised valleys 184 

(Allen et al., 1997).  The Jurassic limestones are separated from the MMG caprock by the 185 

Lias Group which are predicted here to be in the region of 150 m thick above the injection 186 

zone.  Though thick, the Lias Group has a highly varied lithological sequence at the bed-scale 187 

and as a result, formation permeability covers several orders of magnitude (Jones et al., 188 

2001).  Should the integrity of the MMG caprock be breached the capacity of the Lias Group 189 

to prevent the interference of injection-induced pressure heads with the overlying 190 

Lincolnshire Limestone Formation is uncertain.  191 

 192 

The SSG is the second most important aquifer in the UK, supplying around 25% of all 193 

licensed groundwater abstraction in England and Wales (Allen et al., 1997).  The large 194 

storage potential of the SSG, a geometric mean storage coefficient of 10
-3

 and a porosity of 195 

approximately 30%, is the primary reason why it is such an important unit for groundwater 196 

resources and equally why it is being considered for the storage of CO2.  The hypothetical 197 

point of CO2 injection into the SSG near the coastline at Mablethorpe occurs at a depth of 198 

1,200 m and is some 80 km downdip of the unconfined SSG and 60 km downdip of the 199 

nearest licensed abstraction.  While there is a notable transition in aquifer properties from 200 

outcrop to the deep saline aquifer there is no evidence to suggest the presence of a geological 201 

structure that physically separates the deep saline aquifer from potable groundwater 202 

resources.   Relatively minor faulting, compared with parts of the UK, does occur within the 203 

study area and is associated with the reactivation of Caledonaian and Variscan fault structures 204 

within the Palaeozoic basement (Ford et al., 2009).  The faults are not identified at surface 205 

and are likely to terminate within the Jurassic or Cretaceous succession.  There may be some 206 

local influence on groundwater flow patterns and the migration of CO2 associated with the 207 

presence of these faults but regionally they are less significant. 208 

 209 

 210 

3. Hydraulic properties of the deep saline formations  211 

 212 

3.1 Sherwood Sandstone Group (SSG) 213 

Understanding  the hydraulic properties of the storage formation and the overlying caprock 214 

from their deep saline extent through to outcrop is important as these parameters will 215 

determine not only the spatial extent of pressure impacts and vertical leakage but also the 216 

timing of these impacts.   217 
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 218 

The SSG at the injection zone is expected to be in the region of 275 – 330 m thick (Gale et al., 219 

1983; Ford et al., 2009) and lies at a depth of approximately 1,200 m below ground level 220 

(bgl).  Aquifer properties information for the shallow SSG and MMG, up to depths of 221 

approximately 150 – 200 m bgl, is obtained from hydraulic well testing and core samples 222 

(Downing and Gray, 1986 Allen et al., 1997).  Information about hydraulic properties for the 223 

deep saline aquifer, at depths of approximately 1,000 m bgl and over are obtained primarily 224 

from geothermal investigation boreholes drilled in the early 1980s (Gale et al., 1983; Rollin et 225 

al., 1993) and subsequently re-analysed by Milodowski and Rushton (2009). Information for 226 

the SSG or MMG between depths of 200 m – 1,000 m is generally more limited. 227 

 228 

The SSG where it is unconfined is highly transmissive (mean T of 200 m
2
/day), porous (mean 229 

30%) and has a large storage potential (specific yield 10
-2

 – 0.1) (Allen et al., 1997).  The high 230 

intergranular porosity is derived from the preservation of primary pore space and the removal 231 

of anhydrite and halite cements and primary grains by dissolution and weathering enhancing 232 

secondary porosity (Milodowski and Rushton, 2009).  Dissolution by fresh meteoric 233 

groundwater diminishes down-gradient and there is a corresponding reduction in porosity (15-234 

18%, Gale et al., 1983; Milodowski and Rushton, 2009) observed at depths greater than 235 

1,000 m where anhydrite and halite are intact.  236 

 237 

The transition in hydraulic conductivity of the SSG with depth is considered in detail as its 238 

distribution forms a primary input to the ZOOMQ3D groundwater model.   Intrinsic 239 

permeability data derived from SSG core samples for all sites within the UK held within the 240 

BGS aquifer properties database were examined (Figure 3).  At depths greater than 200 m bgl 241 

permeability values cover five orders of magnitude (1 – 10,000 millidarcies (mD)) though 242 

typically in the range of 700 – 5000 mD (0.45 – 3.25 m/d) this is consistent with other 243 

permeability results obtained for the SSG at depth (Downing et al., 1985).  While the 244 

minimum permeability appears to decrease with depth there is no corresponding reduction in 245 

maximum permeability. Thus maximum permeability values recorded for the deep saline SSG 246 

are in line with permeability results recorded for the SSG where it is unconfined (Allen et al., 247 

1997; Downing and Gray, 1986).  The layered heterogeneity of the SSG at the bed-scale 248 

exerts a greater control on observed permeability than depth, a conclusion that is shared with 249 

other investigations of SSG permeability (Bloomfield et al., 2006).  Therefore, while the 250 

proportion of lower permeability beds may be greater at depth, the presence of high 251 

permeability horizons in the deep saline SSG should be anticipated. 252 

Figure 3 – Box and whisker plots of SSG permeability at different depth intervals.  253 

 254 
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3.2 Mercia Mudstone Group (MMG) 255 

The MMG is traditionally considered to be relatively impermeable and non-water bearing, 256 

though the abundance of thin inter-bedded, cemented sandstones, sulphate deposits and 257 

fracturing throughout the sequence serves to increase permeability locally such that small 258 

quantities of groundwater, suitable for domestic or small-scale agricultural use, may be 259 

obtained at shallow (<100 m) depths (Jones et al., 2000).  The Tarporley Siltstone Formation 260 

the lowermost formation in the MMG, which directly overlies the SSG, has an equal 261 

abundance of sandstones and mudstones and can be considered as an extension to the SSG 262 

(Jones et al., 2000).   The presence of dolomite and sulphate cements within the MMG series 263 

also exerts a control on formation porosity and by association permeability.   Hydration of 264 

anhydrite to gypsum causes expansive disruption and is accompanied by fracturing, 265 

dissolution and collapse which enhance macroporosity (Monaghan et al., 2012).  Permeability 266 

values in the range of 10
-6

 to 10
-1

 m/d (1.5 micro darcies (µD) - 150 mD) are observed for the 267 

MMG at shallow depths (Tellam and Lloyd, 1981; Hobbs et al., 2002; Jones et al., 2000), 268 

dependent on the weathered state of the MMG, the presence of sandstone horizons and the 269 

nature of the permeability test. Vertical hydraulic conductivity of the MMG at shallow depths 270 

derived from laboratory testing is in the range of 10
-4

 – 10
-6

 m/d (Tellam and Lloyd, 1981).  271 

At greater depths (>400 mbgl), where groundwater is saline and temperature and pressure are 272 

higher, gypsification is less significant and interconnected macroporosity is low (Monaghan 273 

et al., 2012). In consideration of these geochemical processes and the permeability data 274 

available for the MMG at depths greater than 1,000 m (Jones et al., 2000) the vertical 275 

permeability of the MMG in the vicinity of the injection zone is likely to be in the range 10
-7

 276 

– 10
-6

 m/d (1 – 10 µD), though sandstone units and local faulting may provide local 277 

permeable conduits.   278 

 279 

 280 

Table 1 – Summary hydrogeological sequence within the study area.  Observed and 281 

modelled permeability values are provided for each of the geological units. 282 

 283 

4. Single phase vs multi-phase models 284 

Simulation of multiphase flow (with CO2 and brine as the two main fluid phases) or full 285 

compositional flow (CO2-brine-oil phases) is required in the immediate vicinity of the 286 

injection point for the assessment of geological storage of CO2. A multi-phase or full 287 

compositional simulator can model density-driven flow, resulting in a more accurate 288 

representation of the pressure field.  By undertaking this approach the physics of multi-phase 289 

flow are represented properly and the governing equations are generalised to allow for any 290 
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fluid to be modelled by using its equations of state.  This method is important for the proper 291 

simulation of injection, especially in oil and gas reservoirs and saline aquifers.  However, the 292 

models used to undertake these simulations are designed for use in oil reservoirs which are 293 

typically isolated from the surface and take significant computational run time, especially for 294 

large areas. 295 

Single phase models are designed for simulated the shallow sub-surface and the interaction 296 

between groundwater and surface features.  These include recharge to the water table, springs, 297 

rivers as well as water abstraction boreholes.  Shallow confined aquifer conditions and the 298 

interaction with overlying, low permeability, strata can also be modelled.  They also offer the 299 

advantage of faster computational run time, fewer input parameters and less specialised 300 

technical knowledge which may make them more attractive to operational and regulatory 301 

authorities (Nicot et al., 2011) A balance needs to be struck between the complexity of the 302 

physics represented, fast runtimes and interaction with the surface and shallow sub-surface 303 

environment such that objective of the modelling is met.  Simplified modelling approaches 304 

such as single phase models can be thought of as a reconnaissance approach to understand the 305 

far-field effects, especially where interaction with the surface is important. By making small 306 

adjustments to permeability fields and injection rates to account for density, compressibility 307 

and viscosity variations between brine and CO2, previous work (Nicot et al., 2011) also 308 

successfully demonstrates that single-phase flow codes can reproduce reasonable pressure 309 

heads in far-field localities. A single-phase method has been adopted for the study and is 310 

described in this paper. 311 

4.1 Use of ZOOM 312 

The ZOOM suite of models has been developed by the British Geological Survey (BGS) in 313 

collaboration with the University of Birmingham and the Environment Agency (Jackson and 314 

Spink, 2004).  The ZOOM models consist of a recharge model ZOODRM, a groundwater 315 

flow model ZOOMQ3D and an advective particle tracking model ZOOPT.  The main 316 

advantage of ZOOM is that grid refinement techniques are employed which enable more 317 

accurate representation of groundwater flow by nesting grids of different sizes. 318 

These models have been used for a number of groundwater studies.  ZOODRM has been 319 

applied to calculating recharge to the aquifers underlying the West Bank (Hughes et al. 2008), 320 

in northern China (O Dochartaigh et al. 2010) and to sub-catchments within the River Thames 321 

(Mansour et al. 2011).  ZOOMQ3D has been used to investigate the potential impact of 322 

climate change on groundwater systems in the UK (Jackson et al. 2011) and Spain 323 

(Guardiola-Albert and Jackson, 2011) as well as to investigate groundwater flow in shallow 324 

superficial deposits in Glasgow (Campbell et al. 2010).  The particle tracking model has been 325 



10 
 

applied to examining the transport of pesticides in the Permo-Triassic Sandstone in the UK 326 

(Stuart et al. 2006). 327 

ZOOM was used in this study as grid refinement allows significant pressure head gradients 328 

around the injection wells to be simulated appropriately. 329 

 330 

5. Model Set-up and Boundary Conditions 331 

 332 

Initially a steady-state model was created by using a three layer model run for a 20 year 333 

period, with 4 time-steps per stress period (month). The time-variant model was subsequently 334 

run using a 20 year constant injection pulse and 100 year recovery period. The three layers 335 

within the model all represent the SSG, however the inclusion of multiple layers allows the 336 

leakage of water from the SSG into the overlying MMG to be represented.  A grid-spacing of 337 

1,000 m was used for the coarsest grid with a finer spacing in the central section of the model 338 

(250 m). No significant flow is assumed to cross the model boundaries and therefore all are 339 

specified using a no-flow condition.  340 

 341 

The model covers an area of 125 km in length, from the SSG outcrop to some 20 km off the 342 

East Lincolnshire coastline and is 70 km in width, from Nottingham in the south to Doncaster 343 

in the north.  The unconfined SSG is represented in the model up to a distance of 20 km east, 344 

the potable confined SSG is represented up to a distance of 40 km east and the deep saline 345 

aquifer lies between 40 – 120km east (Figure 2).  The thickness of the SSG has been inferred 346 

from an isopach map created by Gale et al. (1983), and a subsequent three dimensional 347 

geological model produced by Ford et al., 2009. Each of the three layers in the model equal a 348 

third of the total SSG thickness, which ranges between 50 and 450 m.  349 

 350 

Input parameters for the groundwater model were informed by a review of field and 351 

laboratory test results and values presented in the peer-reviewed literature.  Transmissivity 352 

varies from 40m
2
/d (28 Darcy metres (Dm)) in the deep saline aquifer through to 500 m

2
/d 353 

(352 Dm) in parts of the unconfined aquifer where fracture flow is well-developed (Allen et 354 

al., 1997).  Hydraulic conductivity within ZOOMQ3D is specified by the transmissivity 355 

values divided by aquifer thickness.  This being so, hydraulic conductivity varies from 0.1 356 

m/d (154 mD) within parts of the deep saline aquifer up to 10 m/d (15400 mD) for sections of 357 

the unconfined SSG; these values are marginally higher than those observed from core 358 

samples (Allen et al., 1997; Downing and Gray, 1986; Downing et al., 1985) but allowing for 359 

scale dependency where secondary permeability is under-estimated in core samples the 360 

hydraulic conductivity values derived in conjunction with observed transmissivity values are 361 
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considered more appropriate.  Specific yield for the unconfined SSG was set to 0.1, while the 362 

storage co-efficient for the confined potable aquifer and the deep saline aquifer were set to 10
-363 

2
 – 10

-3
 and 10

-3
 – 10

-5
 respectively.  Aquifer recharge of 0.5 mm/d was assigned to nodes 364 

within the unconfined SSG in keeping with values used within regional groundwater flow 365 

models (Bishop and Rushton, 1993; Trowsdale and Lerner, 2003), while no recharge is 366 

received to the confined portion of the model. 367 

 368 

Salinity in the deep saline SSG is expected to be in the region of 45 g/l while temperature is 369 

likely to vary between 44 – 55
o
C (Downing et al., 1985).  ZOOMQ3D simulates baseflow 370 

within river basins using a series of linked river nodes and has the ability to replicate the 371 

interactions between rivers and the SSG aquifer system. It was used in preference to 372 

multiphase codes, which are better suited to deep reservoir models, to characterise impacts on 373 

the shallow groundwater system.  Five rivers, orientated in an east-west direction, were 374 

positioned on the unconfined aquifer to simulate groundwater-surface water interactions.  The 375 

river bed level was set such that groundwater heads remained above the base of the river bed. 376 

If this were not the case, the perched conditions would result in a different calculation of river 377 

bed leakage for different model scenarios.  Whilst the river simulation adopted within the 378 

ZOOM model is not an exact representation of the true river network it does allow an 379 

assessment of groundwater-surface water interaction such that the effect of CO2 storage on 380 

river flows may be investigated.  381 

 382 

Abstraction of groundwater from specific nodes was incorporated within the model, using 383 

licensed quantities obtained from Environment Agency records. Due to the quality of 384 

groundwater, and ease of abstraction, the majority (~85%) of groundwater from the SSG is 385 

abstracted from the unconfined aquifer with the remainder abstracted from the shallow 386 

confined SSG aquifer. The location of individual boreholes in the model were set by their grid 387 

reference, with the top 29 (by volume) annual licensed abstractions from the SSG within the 388 

model boundaries included. Temporal abstraction data and borehole depth are not readily 389 

available, therefore abstraction within the model is constant with time and occurs in the 390 

second layer of the model. 391 

 392 

Vertical leakage through the caprock is dependent on the pressure variation, permeability and 393 

thickness of caprock.  In the model this was represented by: the vertical conductance of the 394 

leakage nodes (Cz), the area of the grid node, the aquifer head and the elevation of the leakage 395 

(for further detail see Jackson and Spink, 2004).  Vertical conductance is equivalent to the 396 

vertical hydraulic conductivity of the overlying strata and the distance between the aquifer 397 

and the leakage node. The groundwater heads output by the steady-state model were used to 398 
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define elevation level of the leakage nodes.  A range of leakage scenarios were tested by 399 

varying the co-efficient of vertical conductance (Cz = 0, 10
-8

 10
-7

, 10
-6

, 10
-5

, 10
-4

, 10
-3

, 10
-2

 and 400 

1) with the model run to steady-state. Subsequent time-variant model runs, which represent 401 

the life cycle of the CO2 storage scheme and which better represent observed vertical 402 

hydraulic conductivity of the MMG were completed for a selection of leakage scenarios (Cz= 403 

10
-6

, Cz=10
-7

 and Cz=10
-8

).  See table two for a description of the four leakage scenarios for 404 

which results are presented. 405 

 406 

 407 

5.1 Injection Representation 408 

Onshore injection of CO2 into the SSG aquifer system must be at depths suitable to maintain 409 

the critical state of the fluid. CO2 is generally injected in a supercritical phase at pressures 410 

above 6.9 MPa to minimise the injected volume.  Therefore, a depth of 800 m or greater must 411 

be used to keep the CO2 in a supercritical state (Sminchak and Gupta, 2003). A real site, for 412 

hypothetical injection, was selected within the UK as part of the CASSEM project where the 413 

criteria for assessing the impacts of CO2 storage were satisfied (Smith et al., 2011). While 414 

other aspects of the CASSEM project were concerned with multiphase reservoir modelling 415 

(Smith et al., 2011) the aim of this study was to assess the far-field impact on shallow potable 416 

water resources (within the SSG) using a groundwater flow model (ZOOMQ3D). CO2 417 

injection cannot be represented explicitly in ZOOMQ3D, as it does not simulate multiphase 418 

flow. The model is able to simulate the abstraction of water from individual, or a series of 419 

interlinked nodes.  Through application of a negative abstraction it is possible to simulate the 420 

injection of water (for an equivalent CO2 injection rate) into the system.  421 

 422 

To align with injection scenarios run within the multiphase reservoir modelling exercise an 423 

injection rate of 15 Mt/yr for 20 years is assumed (p94 Smith et al., 2011). Sminchak and 424 

Gupta (2003) suggest a supercritical CO2 density of between 0.6 and 0.75 g/cm
2
, which, using 425 

the specified injection rate, equates to a volume of between 55,000 and 68,000 m
3
/d. For the 426 

groundwater model an injection rate of 60,000 m
3
/d was used. In the early phases of this study 427 

a number of injection scenarios were considered to ascertain the effects of pumping CO2 into 428 

the system. It concluded that the spreading of injection over several sites would have the least 429 

impact on the groundwater system. Use of a single well at each site is also discounted, as the 430 

pressures on the injection pumping equipment would be too great. In this study injection has 431 

been spread over eight wells at four injection locations, each injecting 7,500 m
3
/d (1.88 Mt/y) 432 

throughout the total thickness of the SSG at each well location. 433 

 434 

 435 
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6. Results 436 

 437 

Results from the groundwater model are presented for the four leakage scenarios Cz = 0, Cz = 438 

10
-6

, Cz = 10
-7

 and Cz = 10
-8

 (table 2).   439 

 440 

Table 2 – Description of the four leakage scenarios run within the groundwater model 441 

 442 

6.1 Scenario 1 – zero leakage 443 

Under steady state zero leakage conditions, the MMG is considered to behave as a perfect 444 

seal, groundwater pressure heads around the injection wells increase by more than 700 m and 445 

increases of up to 50 m are observed some 70 km up-dip within the potable confined aquifer.   446 

Groundwater levels in the unconfined SSG were raised by up to 10 m and river flows 447 

increased by between 11 – 18%.    The disparity in river flow increases is due to the non-448 

uniform increase in groundwater heads across the unconfined and shallow confined SSG 449 

aquifer.  The largest increases in groundwater heads and therefore river flows are observed to 450 

the north of the study area near River Humber.  451 

 452 

6.2 Scenario 2 - Leakage Cz 10
-7

 (vertical hydraulic conductivity 10
-6 

 m/d) 453 

The outputs from the zero leakage, steady-state scenario represent the worst possible impacts 454 

on shallow groundwater systems, however they are not representative of the likely 455 

hydrogeological setting.  With a vertical hydraulic conductivity of 10
-7

 – 10
-6

 m/d (1 – 10 456 

µD), it is expected that the MMG does not behave as a prefect seal, such that the potential for 457 

vertical leakage out of the SSG storage formation exists.  A coefficient of vertical 458 

conductance of 10
-7

 was used to represent the hydrogeological conditions of the MMG in this 459 

scenario (2).  This value better represents the expected leakage through the MMG caprock. 460 

The difference in groundwater heads between baseline and injection conditions for this 461 

second scenario are shown in Figure 4.  Groundwater heads within the injection zone are 462 

increased by approximately 300 m, while an increase in head of 50 m is observed up to 30 km 463 

up-dip within the SSG.  An increase in groundwater head within the potable confined aquifer 464 

of between 1 m to 13 m is observed.  Steady-state groundwater levels in the unconfined 465 

aquifer are increased by 0 – 1 m with a corresponding increase in river flows of between 1.5 – 466 

2.3%.  467 

 468 

Figure 4 – Difference in groundwater heads (m) between baseline and steady-state 469 

injection scenarios using a vertical leakage co-efficient (10
-7

).  The vertical red lines 470 
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represent the transition from unconfined, to shallow confined and deep confined (left to 471 

right).   472 

 473 

Using the coefficient of vertical conductance of 10
-7

 (which represents a vertical hydraulic 474 

conductivity (Kv) of 10
-6

m/day), a more realistic leakage condition of the MMG caprock, time 475 

variant outputs were also produced to investigate the propagation of groundwater pressure 476 

heads with time.  For the time variant scenario a 20 year injection period was used with a 100 477 

year recovery period.   478 

 479 

The difference in groundwater heads from the baseline condition are presented (Figures 5 and 480 

6). The system responds rapidly to injection pressures with notable increases in groundwater 481 

heads occurring within the first year of injection.  The deep saline aquifer reaches steady 482 

conditions within three years of injection, with groundwater head increases of over 200 m 483 

close to the injection point.  The potable confined aquifer is slower to respond; from initial 484 

groundwater head increase of up to 1 m during the first year of injection it takes a further 5-10 485 

years for groundwater heads to stabilise, reaching a maximum of 10 m above the baseline 486 

condition.  A similar delay in response is observed within the unconfined SSG aquifer where 487 

groundwater levels appear to stabilise 10-15 years into the injection period.  Groundwater 488 

level increases within the unconfined aquifer approach 1 m in the north of the model area 489 

with a resultant increase in river flows of up to 0.6% locally.     490 

 491 

The recovery of groundwater heads in the deep saline aquifer, near the injection point, is 492 

initially rapid with levels recovering to within 90 m of the baseline within the first year.  493 

Thereafter there is a halving of groundwater heads for every subsequent year recovery such 494 

that after 10 years recovery (t=30 yrs) groundwater heads in the deep saline aquifer return to 495 

baseline.  In marked contrast recovery of groundwater heads in both the potable confined 496 

aquifer and the unconfined aquifer is initially slow with little or no recovery observed during 497 

the first year.  After 10 years recovery (t=30 yrs) groundwater heads recover to within 1m of 498 

the baseline across most of the potable confined aquifer, while groundwater levels in the 499 

unconfined aquifer show no recovery. After 100 years of recovery (t = 120 years), 500 

groundwater heads in the confined aquifer are generally within 0.1 m of the original baseline 501 

setting. The contrast in response of groundwater heads and river flows to injection and 502 

recovery between the aquifer sections is shown in Figures 5 and 6. 503 

 504 

Figure 5 – Yearly time-variant groundwater head differences (from baseline (m)) for 505 

leakage scenario 2 (Cz = 10
-7

) for a 20 year injection period. The vertical red lines 506 
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represent the transition from unconfined to shallow confined and deep confined (left to 507 

right).   508 

 509 

Figure 6 – Five-yearly time-variant groundwater head differences (from baseline (m)) 510 

for leakage scenario 2 (Cz = 10
-7

) for a 20 year injection period. The vertical red lines 511 

represent the transition from unconfined to shallow confined and deep confined (left to 512 

right).   513 

 514 

The spatial distribution of vertical leakage through the MMG, assuming a leakage co-efficient 515 

of 10
-7

, is shown in Figure 7. At 20 years, the maximum vertical nodal leakage is 29.3 m
3
/d 516 

around the injection wells, with leakage occurring up to 50 km from the injection site. 517 

Leakage into the potable confined SSG from overlying strata (negative) continues throughout 518 

the injection period occurring at a maximum rate of 4.5 m
3
/d per node however the extent of 519 

this leakage into the deep confined is spatially constrained.  After 20 years of recovery (t = 40 520 

years), leakage within the system returns to pre-injection levels.  521 

 522 

Figure 7 – Time variant vertical leakage plots for leakage scenario 2 (Cz = 10
-7

) taken at 523 

baseline (zero years), 20 years (end of injection) and 40 years (after 20 years recovery). 524 

The vertical red lines represent the transition from unconfined to shallow confined and 525 

deep confined (left to right).   Contours represent the rate of vertical nodal leakage with 526 

units of cubic metres per day (m
3
/d). 527 

 528 

 529 

6.3 Scenario 3 and 4 – Sensitivity of the model to the leakage coefficient of the MMG 530 

The co-efficient of vertical conductance (Cz) of the MMG was varied to demonstrate the 531 

extent to which the vertical leakage of the caprock affects the pressure response within the 532 

storage formation and within overlying formations.  Cz for the MMG was initially increased 533 

by one order of magnitude to 10
-6

, corresponding to a vertical hydraulic conductivity of 10
-5

 534 

m/day.  Under this more leaky scenario groundwater head increases are less pronounced but 535 

still respond rapidly to injection.  After 5 years injection groundwater heads are largely 536 

stabilised across the entire model area, though small increases in groundwater heads (<0.01 537 

m) are observed in the unconfined aquifer throughout the injection period (20 yrs).  Under 538 

this leakage scenario (Cz = 10
-6

) groundwater heads increase by 0.01 – 0.1 m in the potable 539 

confined aquifer and by <0.01m in the unconfined aquifer with negligible increases in river 540 

flow.    Increasing the vertical conductance of the caprock by one order of magnitude serves 541 

to reduce groundwater heads in the potable confined aquifer and the unconfined aquifer by 542 
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two orders of magnitude.  Recovery of groundwater heads under this scenario is rapid with 543 

the whole system returning to within 0.01 m of the baseline condition within 5 years.  544 

 545 

The vertical conductance (Cz) of the MMG was subsequently reduced by one order of 546 

magnitude to 10
-8

 (Kv equivalent 10
-7

 m/day).  The effect of this change on groundwater heads 547 

is marked.  After 20 years of injection groundwater heads in the potable confined aquifer are 548 

up to 50 m above baseline conditions without reaching steady-state. Though approaching 549 

steady state, groundwater levels in the unconfined aquifer fail to stabilise either with levels up 550 

to 1 m above the baseline after 20 years.  River flows at the end of this injection period 551 

increase by between 7.8 – 12.3%.  A summary of injection pressure effects on groundwater 552 

systems under the different caprock leakage scenarios is provided in table 3.  553 

 554 

6.4 The effect of abstraction 555 

Groundwater heads in the unconfined and potable confined SSG aquifer are affected by 556 

abstraction such that vertical leakage into the SSG storage formation from overlying strata is 557 

induced.  The effect of this is most noticeable when a lower permeability is assigned to the 558 

MMG caprock (leakage scenario 4 Cz = 10
-8

, Kv = 10
-7

 m/day).  By reducing the permeability 559 

of the MMG vertical leakage into the SSG is significantly reduced.  Therefore in areas where 560 

abstraction is high (i.e. the south-west sections of the model area) but vertical leakage through 561 

the MMG is low, groundwater heads in the SSG after injection remain low despite significant 562 

increases in groundwater heads in other parts of the potable aquifer.  Such is the strength of 563 

this effect that groundwater heads in the southern parts of the potable confined and 564 

unconfined aquifer are lower when applying a Cz of 10
-8

 despite massive (5-fold) increases in 565 

groundwater heads elsewhere in the model area.  It may be inferred from these results that if 566 

the caprock is of a sufficiently low permeability groundwater abstraction whether it be 567 

coincidental or as part of a planned pressure-relief exercise may be successful in keeping 568 

groundwater pressure heads low. 569 

 570 

Table 3 – Summary of injection pressure effects on groundwater systems under 571 

different caprock leakage scenarios. 572 

6.5 Limitations of the model results 573 

While it is appropriate to adopt a simplified modelling approach for the determination of the 574 

scale of impact or risk calculation of geological storage of CO2 on shallow groundwater 575 

systems, it does introduce limitations to the interpretation of the modelling results.  These 576 

limitations relate either to simplification of the conceptual model within the groundwater flow 577 

model or the implementation of a single-phase flow code to represent multiphase flow. 578 
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 579 

Simplification of the conceptual model:  580 

 Only the SSG storage formation and the overlying MMG primary sealing formation are 581 

represented within the groundwater flow model. While vertical leakage through the MMG 582 

is assessed the effect of the overburden, i.e. the hydraulic functioning of the geological 583 

units overlying the MMG is not accounted for.   584 

 A no-flow condition has been applied to all model boundaries meaning they act as a 585 

barrier to the propagation of groundwater pressure head increases generated as a result of 586 

injection.  The intersection of the cone of pressure increase with the eastern model 587 

boundary is evident in the modelling results.  A no-flow boundary condition was assumed 588 

for the eastern model boundary given the close proximity of the Dowsing Fault zone 589 

where fault displacements of up to 400m are recorded.  In reality a small amount of flow 590 

is likely to occur across this zone. The net effect of this assumed boundary condition is 591 

the prediction of artificially higher pressure heads up-dip within the system.   592 

 The river drainage network is simplified to five rivers orientated in an east-west direction 593 

to represent an aquifer unit with a low drainage density as may be expected for the SSG. 594 

While the model results provide an indication of the volume increase in baseflow 595 

contribution to groundwater dependent surface water systems, model refinement would 596 

be required to identify (i) where the increased baseflow would be discharged and (ii) the 597 

mechanism of discharge e.g. via the river network or springs or by the reactivation of dry 598 

valleys.   599 

 600 

Single phase model approach: 601 

Nicot (2008) describes the limitations of single phase models and how these can be overcome.  602 

This author also states that the variance in the results is around 10% and less than 20%.  Nicot 603 

et al., (2011) compare a single phase model with multiphase version and show that with 604 

simple modifications to permeability fields and injection rates overestimates in the pressure 605 

effects within single-phase models may be corrected.  Following on from this work, Hosseini 606 

and Nicot, (2012) suggest how two phase models can be modified to represent the injection of 607 

supercritical CO2 as an oil phase again by changing permeability and factoring the injection 608 

rate.  This approach can be modified for supercritical CO2 injection into single phase models.  609 

In light of these investigations, it is suggested that the groundwater head in our modelling 610 

results is over estimated by of the order of 10-20 % as outlined by Nicot (2008), and is 611 

acceptable for the risk estimation approach adopted for our work. 612 

 613 

7. Discussion  614 

 615 
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Simulation of CO2 injection into the SSG aquifer in its deep saline extent demonstrates that 616 

impacts on shallow groundwater systems are potentially significant despite their relatively 617 

distant position some 60-100km up dip of the injection zone.  Using the  most likely hydraulic 618 

parameters, modelled results show an increase in groundwater heads of up to 10m in the 619 

potable confined aquifer and up to 1 m in parts of the unconfined aquifer.  Head increases of 620 

this proportion would be readily detected by routine groundwater monitoring of boreholes and 621 

could result in groundwater flooding in areas where groundwater levels are already close to 622 

surface such as near the Humber Estuary.  It is unlikely given natural variability in river flows 623 

whether the expected increase in river baseflow of 1.7% (average) would be detected at 624 

gauging stations. 625 

 626 

Since the MMG caprock is not a perfect seal, saline water would leak from the SSG to 627 

overlying formations as a consequence of injection.  Applying the most likely vertical 628 

hydraulic conductivity of 10
-6

 m/day to the MMG approximately 40 Ml/d of saline water 629 

would be displaced as a result of injection and leak out of the storage formation.  A similar 630 

volume (44 Ml/d) would be lost from the storage formation when the leakage co-efficient of 631 

the MMG is increased by one order of magnitude.  Even when the leakage co-efficient is 632 

reduced by one order of magnitude (Cz 10
-8

) approximately 20 Ml/d would be lost from the 633 

storage formation.  The vulnerability of overlying strata under these leakage scenarios needs 634 

to be assessed.  In the study area there are two principal aquifers and numerous secondary 635 

aquifers present within the geological sequence overlying the storage formation.  Further 636 

investigation of these leakage effects is therefore warranted, in particular the layered 637 

hydrogeological heterogeneity within the MMG needs to be better characterised. 638 

 639 

While the SSG is traditionally thought of as a high storage aquifer this is less true within its 640 

deep saline extent where porosity is half that of the SSG at outcrop (18%) and permeability is 641 

typically 700 - 5000 mD.  The response of the deep saline aquifer to injection pressures is 642 

both great and rapid.  As the pressure effect propagates through the storage formation into 643 

zones of higher storage and permeability within the potable confined aquifer and the 644 

unconfined aquifer the response to injection pressures becomes dampened and delayed with 645 

maximum impact occurring 5-15 years after injection. 646 

 647 

Sensitivity analysis shows the importance of good characterisation of the caprock, the MMG, 648 

to understand the dissipation of injection pressures.  When the leakage co-efficient is 649 

increased by one order of magnitude groundwater heads in the potable confined aquifer and 650 

the unconfined aquifer are reduced by two orders of magnitude.  When the leakage co-651 

efficient is reduced by one order of magnitude there is a five-fold increase in groundwater 652 
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heads in parts of the potable confined aquifer.  The buffering of the propagation of injection 653 

pressure heads induced by the reduced vertical leakage into the storage formation within the 654 

potable confined aquifer is unexpected.  The combination of reduced vertical leakage and 655 

large volumes of groundwater abstraction apparently being sufficient to restrict the 656 

propagation of injection pressures and keep groundwater heads low in parts of the potable 657 

aquifer.  There is a suggestion from these results therefore that if the caprock is of sufficiently 658 

low permeability the use of pressure relief abstraction boreholes to limit the effect of injection 659 

pressure may be an effective management tool and more detailed investigation may prove 660 

useful. 661 

 662 

Modelling shows that groundwater heads will not stabilise during the 20 year injection period 663 

when the vertical leakage through the caprock is reduced by one order of magnitude from 664 

Cz = 10
-7

 to Cz = 10
-8

.  In the event therefore that the injection period is extended the 665 

groundwater heads under this scenario are expected to exceed those currently observed within 666 

the modelling exercise.  The time taken for the maximum impact to occur on the potable 667 

aquifer and the subsequent recovery of groundwater levels to baseline condition upon 668 

cessation of injection is largely controlled by vertical leakage through the caprock with the 669 

delay being anywhere between 5 and >20 years.   670 

 671 

It is recognised that our existing groundwater model does not assess leakage via wells or 672 

along existing or induced faults and fractures, nor does it model the physical migration of 673 

CO2.  While it would be preferable to have full representation of both the physical and 674 

geochemical environment and better representation of our conceptual model, our simplified 675 

groundwater flow model is capable of establishing the scale of likely impact on shallow 676 

groundwater systems, to inform both more detailed environmental impact assessments and 677 

smaller-scale reservoir modelling. Moreover we identify areas of greatest concern and 678 

uncertainty such that further investigations can be undertaken and management questions can 679 

begin to be answered. 680 
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 822 

Captions 823 

Figure 1 – Schematic of the hydrogeological system present within the study area.  824 

Hypothetical leakage pathways for pressure dissipation are shown; through cap rocks, along 825 

faults and through existing wells within the storage reservoir and within the aquifer. 826 

 827 
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Figure 2 – Geology of the study area with model boundaries and injection points shown.  The 828 

Dowsing Fault Zone lies approximately 20-40 km east of the eastern model boundary. 829 

Geological cross-section through the study area annotated with hypothetical leakage routes.  830 

 831 

Figure 3 – Box and whisker plots of SSG permeability at different depth intervals.  832 

 833 

Figure 4 – Difference in groundwater heads (m) between baseline and steady-state injection 834 

scenarios using a vertical leakage co-efficient (10
-7

).  The vertical red lines represent the 835 

transition from unconfined, to shallow confined and deep confined (left to right).   836 

 837 

Figure 5 – Yearly time-variant groundwater head differences (from baseline (m)) for leakage 838 

scenario 2 (Cz = 10
-7

). The vertical red lines represent the transition from unconfined to 839 

shallow confined and deep confined (left to right).   840 

 841 

Figure 6 – Five-yearly time-variant groundwater head differences (from baseline (m)) for 842 

leakage scenario 2 (Cz = 10
-7

). The vertical red lines represent the transition from unconfined 843 

to shallow confined and deep confined (left to right).   844 

 845 

Figure 7 – Time variant vertical leakage plots for leakage scenario 2 (Cz = 10
-7

) taken at 846 

baseline (zero years), 20 years (end of injection) and 40 years. The vertical red lines represent 847 

the transition from unconfined to shallow confined and deep confined (left to right).   848 

Contours represent the rate of vertical nodal leakage with units of cubic metres per day 849 

(m
3
/d). 850 

 851 

Tables 852 
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 853 

Table 1 - Summary hydrogeological sequence within the study area.  Observed and modelled 854 

permeability values are provided for each of the geological units.  855 

 856 

 857 

Scenario Leakage 

coefficient 

Vertical hydraulic 

conductivity (m/day) 

Condition 

1 Zero Cz = 0 0 MMG behaves as a perfect seal 

2 Cz = 10
-7

 10
-6

 Preferred MMG leakage value 

3 Cz = 10
-6

 10
-5

 MMG leakage is increased by 

one order of magnitude 

4 Cz = 10
-8

 10
-7

 MMG leakage is reduced by one 

order of magnitude 

 858 

Table 2 - Description of the four leakage scenarios run within the groundwater model. 859 

 860 

 861 

 862 
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Leakage 

scenario 

(Cz) 

Caprock 

vertical 

hydraulic 

conductivity 

(Kv) m/d 

Increase in 

heads in the 

unconfined 

aquifer (m) 

Increase in 

heads in the 

potable 

confined 

aquifer (m) 

Increase in 

river 

baseflow (%) 

Time to 

maximum 

impact in 

potable 

aquifer 

(yrs) 

Recovery 

time (yrs) 

10
-6

 10
-5

 <0.001 0.01 – 0.1 Negligible > 5  <5 

10
-7

 10
-6 < 1 0.01 – 10  1.46 – 2.32 10-15  15 

10
-8

 10
-7 < 1 0.001 - 50 7.8 – 12.3 > 20  >20 

 863 

Table 3 - Summary of injection pressure effects on groundwater systems under different 864 

caprock leakage scenarios. 865 

 866 


