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Barrington Works Landfill Variation: Hydrogeological Risk Assessment 
This report has been prepared by Stantec UK Ltd (Stantec) in its professional capacity as 
environmental specialists, with reasonable skill, care and diligence within the agreed scope and 
terms of contract and taking account of the manpower and resources devoted to it by agreement 
with its client and is provided by Stantec solely for the internal use of its client. 

The advice and opinions in this report should be read and relied on only in the context of the report 
as a whole, taking account of the terms of reference agreed with the client.  The findings are based 
on the information made available to Stantec at the date of the report (and will have been assumed 
to be correct) and on current UK standards, codes, technology and practices as at that time.  They 
do not purport to include any manner of legal advice or opinion.  New information or changes in 
conditions and regulatory requirements may occur in future, which will change the conclusions 
presented here. 

This report is confidential to the client.  The client may submit the report to regulatory bodies, where 
appropriate.  Should the client wish to release this report to any other third party for that party’s 
reliance, Stantec may, by prior written agreement, agree to such release, provided that it is 
acknowledged that Stantec accepts no responsibility of any nature to any third party to whom this 
report or any part thereof is made known.  Stantec accepts no responsibility for any loss or damage 
incurred as a result, and the third party does not acquire any rights whatsoever, contractual or 
otherwise, against Stantec except as expressly agreed with Stantec in writing. 
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1 Introduction 
1.1 Report context 
This report is produced for Over Arup and Partners Limited (Arup) on behalf of CEMEX UK Cement 
Ltd (CEMEX) by Stantec UK Ltd (Stantec) to support an application to vary Environmental Permit 
BV1461IV to cover the wider quarry area (the Site). 

The current permit is restricted to the infilling of landfill Cells 1 and 2, in the west of the Site, with 
imported inert materials by rail to achieve the levels in the 2010 restoration scheme (variation 
BV1461IV 004).  This new variation application relates to an extension of the permit boundary and 
increase in the volume of inert waste imported by rail to further the restoration of the wider quarry 
area. 

Following construction of the railhead in 2015, inert material started to be imported by rail and placed 
in Cell 2, in accordance with the permit.  Cell 1 (non-hazardous cement kiln dust (CKD)) was capped 
with site won engineered clay in 2016 and a protection layer has been placed above the cap using 
imported inert waste. 

In 2018 CEMEX obtained planning consent to allow the infilling of landfill Cells 1 and 2 with inert 
material to a higher restoration level and to extend infilling onto the overburden field and the eastern 
part of the quarry. It is anticipated that an additional 7.5 million m3 of inert material will be required 
to complete the restoration. 

The Environmental Site Setting and Design is presented in (Arup, 2020).   

1.2 Conceptual Hydrogeological Site Model 
The installation is a landfill site, and associated infrastructure, for the disposal of inert and non-
hazardous (CKD) waste in separate areas. 

Cell 1 contains historic CKD waste and commenced operation in 1991 under Waste Disposal License 
Number WD200 LS116 dated 29/05/91.  The license permitted the deposition, principally, of CKD 
waste arising from the adjacent cement works, which operated under a PPC Permit, reference 
BK0973. Approximately 1.6 million tonnes of CKD waste was deposited in Cell 1 between 1991 and 
2008, when the cement works was mothballed, and landfilling was suspended.  Assuming a CKD 
density of 2 tonnes/m3, this equates to a volume of 800,000 m3.  Subsequently CEMEX has taken 
the decision not to resume cement manufacture at Barrington.  The cement works permit has been 
surrendered and the works itself is being dismantled. 

The CKD waste in Cell 1 has been capped with 1m of engineered clay overlain by 1m of restoration 
soils as detailed in (Arup, 2017).  Inert waste will be placed over the cap to bring up the levels to the 
current restoration profile 

Cell 2 was partly constructed to the standards required for a non-hazardous cell in 2007 in 
preparation for filling with CKD waste.  Cell 2 is currently being filled with inert waste.  An artificially 
established geological barrier (AEGB) is being built up against the western and northern Site walls, 
to protect the Chalk Marl (Arup, 2019). AEGB construction undertaken to date has utilised available 
overburden material on Site.   
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Prior to AEGB construction a trial was undertaken to determine the suitability of on-site overburden 
materials for barrier construction as detailed in (Arup, 2019).  A total of 2 triaxial cell permeability 
tests were undertaken which gave hydraulic conductivities of 1.16x10-10 and 8.36x10-11 m/s 
respectively. 

Further phases of inert waste are now planned, firstly extending southwards across the ‘Overburden 
Field’ and then eastwards into the SSSI void.  The area to the south of Cell 1 will overlie overburden 
that has formed the source of the material used for the Cell 1 cap construction and the Cell 2 sidewall 
AEGB construction.  The area to the east will overlie Gault Clay in the deeper parts in the north east 
of the Site and a sidewall AEGB will be constructed surrounding the northern, eastern and southern 
sides of this phase where the waste boundary is against the Chalk. 

The sidewall AEGB will be constructed from locally available clays on site or with suitable selected 
inert waste.  In this HRA a sensitivity analysis has been run to determine the impact of using 
overburden AEGB material with its likely low hydraulic conductivity value and also with the value set 
to 1x10-7 m/s as given as the maximum permeability by the Landfill Directive. 

The inert cells will not have any form of engineered cap and will be covered with restoration soils to 
form the required restoration profile.  The available materials on Site are likely to have quite low 
permeability although this will not be relied upon in the updated risk assessment.  The final layer of 
the restoration will comprise a chalk soil sourced from on-site chalk material. 

The conceptual model of contaminant transport from the proposed landfill to the designated receptor 
is illustrated schematically in Figure 1.1. 

1.2.1 Water Balance for the Landfill 
1.2.1.1 Cell 1 (CKD) water balance 
Cell 1 can be considered to operate in two stages; a managed stage when the leachate levels are 
managed and the waste is capped and an un-managed stage when leachate levels are no longer 
controlled and can rise to the full thickness of the inert waste above the cap.  Scoping calculations 
and previous water balances (Weeks Consulting, 2003) and (ESI Ltd, 2009) have shown that the 
potential cap flux is significantly greater than the flux across the base and sides for both these stages.   

Within the model, the managed stage is considered where the pumping rate is the difference 
between the flux through the cap and the flux through the base and sides of the Cell.  The head on 
the cap is determined by the thickness of the overlying inert waste on Cell 1.  The head on the base 
is limited by the maximum leachate level allowed within the Permit. During the managed stage, the 
leachate head is maintained below the Chalk water level and thus there is no opportunity for 
outwards migration of contamination to occur across the sides of the Cell. 

The un-managed stage assumes that the actual flux across the cap balances the outward flux across 
the base and sides of the Cell.  The leachate head required to achieve this balance is calculated 
within the model.  In the situation where the calculated leachate head rises above the top of the 
overlying inert waste, the head is limited to the top of the inert waste and the excess water that 
cannot infiltrate the inert waste / Cell 1 is assumed to run off within the restoration soils. 

The permit currently specifies a maximum leachate head of 3 m above the base or 21 mAOD, 
whichever is lower.   



 

Report Reference: 6879R16Rev1 

Report Status: Final 

Barrington Works Landfill Variation: Hydrogeological Risk Assessment Page 3 

Figure 1.1  Site Conceptual Model 
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1.2.1.2 Inert waste water balance 
Scoping calculations have shown that pumping from Cell 1 in the managed phase does not impact 
the leachate head in the inert waste and as the inert waste will not be completed with an engineered 
cap there is only one stage to consider for these phases. 

The inert waste has been divided into four separate areas for the purpose of the water balance as 
defined below and shown on Figure 1.1. 

• Area to the north of Cell 1, in vicinity of the current Cell 2. 

• Area on top of Cell 1, 

• Area to the south of Cell 1, overlying the Overburden Field and 

• Area to the east within the Geological SSSI void that is underlain by Gault Clay.  

The base of Cell 2 and parts of the area to the east comprise Gault Clay which forms a natural 
geological barrier. 

An AEGB, originating from reworked overburden, reworked Chalk Marl or selected waste will be 
placed on the sides and the area to the east that is underlain by Chalk.   

Where waste is placed on the Overburden Field, this is approximately 19 m thick and comprises 
largely cohesive material.  Therefore, it can be considered a natural geological barrier. It is 
considered that the basal flux from the landfill can pass through the Overburden Field and impact 
the Chalk along the western, southern and eastern margins of the Overburden Field.  

There will be no engineered cap, although the restoration soils used to complete this cell are likely 
to have relatively low permeability, this will be higher than the permeability of the base and sides.   

As with the Cell 1 un-managed stage, the leachate head required to balance the infiltration flux 
across the restoration soils on top of the inert waste and the outwards flux across the base and sides 
of the waste is calculated.  In the situation where all the potential infiltration can infiltrate the waste 
to balance the outwards fluxes, the leachate head will be between the base and top of the waste.  
However, if the leachate head rises above the top of the waste, then the head is limited to the top 
elevation of the waste and the excess infiltration is shed as runoff within the restoration soils. 

1.2.1.3 Volumetric fluxes considered by the model 
A review of the site drawings indicates that the basal and surface elevations of the proposed waste 
body are quite different between the western and eastern areas: in consideration of this, water 
balances for these areas are modelled separately. 

A number of outward fluxes are estimated by the model as defined below.  The terms used to make 
up the water balance equations are given in parentheses and the equations are given after this list.  
These flux pathways are also shown on Figure 1. 

• Downwards flux across the Gault Clay underlying the Cell 1, Cell 2 and the area to the east 
to the Lower Greensand (Qbase cell1-Gault, Qbase cell2-Gault, Qbase inert E-Gault).   
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• Downwards flux across the Overburden Field and the Gault Clay to the Lower Greensand 
(Qbase inert OB-Gault). 

• Downwards flux across the sidewall AEGB (Cell 2) and the Gault Clay to the Lower 
Greensand, assuming saturated conditions outside of the barrier (Qside Cell2-Gault). 

• Lateral flux across the sidewall AEGB (Cell 1, Cell 2 and the area to the east) to the Chalk, 
assuming saturated conditions outside of the barrier (Qside Cell1-AEGB-Chlk, Qside Cell2-AEGB-Chlk, 
Qside inertE-AEGB-Chlk). 

• Lateral flux across the sidewall AEGB (Inert waste overlying Cell 1 and the Overburden Field) 
to the Chalk, assuming unsaturated conditions outside of the barrier (Qside InertW -AEGB-Chlk). 

• Lateral flux across the perimeter of the Overburden field adjacent to the Chalk (Inert waste 
overlying the Overburden Field) to the Chalk, assuming saturated conditions outside of the 
barrier (Qside InertW -OB-Chlk). 

The fluxes for the areas to the west and east are calculated separately but are combined for the 
model.  The water balance for the areas to the west is given by 

𝑄𝑄𝑄𝑄𝑄𝑄𝑓𝑓𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡 = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐1−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡−𝑂𝑂𝑂𝑂−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡+ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡𝑊𝑊−𝑂𝑂𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙
+  𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐1−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙  +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙+𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝑊𝑊−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙  

And for the east is given by  

𝑄𝑄𝑄𝑄𝑄𝑄𝑓𝑓_𝐸𝐸𝑄𝑄𝑄𝑄𝐸𝐸 = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡𝐸𝐸−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝐴𝐴−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙  

The fluxes through the base and sides of the waste are governed by Darcy’s Law and take the form  

𝑄𝑄 = 𝐾𝐾𝐾𝐾𝑄𝑄 

where K is the hydraulic conductivity of the barrier material (m/s); 

A is the cross-sectional area (m2) (note that this area is head-dependent for lateral flow) and 

i is the hydraulic gradient across the barrier material (-). 

Rearrangement of the water balance equation results in a quadratic equation in terms of the leachate 
head, which can be solved directly for the eastern and western areas.  The full equations and 
quadratic solutions are presented in Appendix A with a summary of the structure of the RAM model.  
As detailed in Section 1.2.1.1 and 1.2.1.2 the leachate head is limited to a maximum value based on 
surface elevations of the waste, allowing the outward fluxes to calculated. 

In the situation where the waste is fully saturated, the outflows will limit how much water can infiltrate 
the waste.  The balance of effective rainfall (ER) across the site and the outwards fluxes is deemed 
to be surface runoff.  In the terms of Figure 1: 

𝑅𝑅𝑅𝑅𝑄𝑄𝑅𝑅𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑅𝑅 −�𝑄𝑄𝑏𝑏𝐺𝐺𝑊𝑊𝑊𝑊 −�𝑄𝑄𝑊𝑊𝑠𝑠𝑠𝑠𝑊𝑊 

An estimate of total rainfall is available for the Site.  In the model it is estimated that 30% of this 
rainfall is lost as evapotranspiration and a further 20% as interflow within the restoration soils.  This 
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latter estimate is based on the assumption that the restoration soils (which will be composed of 
reworked chalk soil) will be more permeable than the inert waste (which will largely be cohesive as 
the granular fraction of inert waste is recycled) onto which they are placed.  Thus 50% of the total 
rainfall is available for infiltration to the waste under the situation where the waste is not fully 
saturated.  Infiltration through the area of Chalk to the south of the inert waste in the area to the east 
(Qinf-dil on Figure 1) is also considered for dilution. 

1.2.2 Source 
The source for Cell 1 is the CKD waste that has already been tipped and is based on the measured 
leachate quality as given in the ESSD report.   

The source for Cell 2 onwards is inert waste.  EWC waste codes for inert waste are given the ESSD 
Report.  The volume of inert waste comprises 1.03M m3 currently approved and an additional 7.5M 
m3 of waste required to fill the Site to the current restoration profile. 

As water flushes through the waste, the source term concentrations will decline at a rate governed 
by the infiltration flux. Conservatively the flux through the inert waste overlying Cell and into Cell 1 is 
not included in the rate of decline for the inert source term. 

1.2.3 Pathways 
The pathways considered by the risk assessment are detailed below for each of the water balance 
areas described above (as shown in Figure 1).  Transport processes in the Chalk are not modelled 
and only dilution from up hydraulic gradient Chalk and surface run-off is considered. 

The Gault Clay is in excess of 40 m thick under the Site.  Gault Clay is known to have a very low 
hydraulic conductivity and provides an excellent natural basal geological barrier.  On this basis, it is 
considered that the risk to the Lower Greensand Aquifer is very low from contamination originating 
from the Site and the pathways the pathways to the Lower Greensand have been qualitatively 
screened out of this assessment. 

1.2.3.1 Cell 1 
Cell 1 lies adjacent to the Chalk on its western side and is protected from it by a sidewall AEGB.  
The base lies on Gault Clay, the southern side against low permeability overburden, the north and 
east against a low permeability bund and the top is capped and will be overlain by inert waste.  Thus, 
the pathway considered for this Cell is lateral migration, through the AEGB, to the Chalk across the 
western boundary. 

1.2.3.2 Inert waste in Cell 2 (north of Cell 1) 
The inert waste to the north of Cell 1 is bounded by Chalk on its western and northern sides, 
separated from it by a sidewall AEGB.  The base lies on Gault Clay, the eastern side is bounded by 
more inert waste and the southern side by the bund separating it from Cell 1.  Thus, the pathway 
considered for this area is lateral migration, through the AEGB, to the Chalk across the western and 
northern boundaries. 

1.2.3.3 Inert waste on top of Cell 1 
The inert waste placed on top of Cell 1 is bounded by Chalk on its western side and is bounded by 
more inert waste on all other sides.  At its base lies the Cell 1 cap.  Thus, the pathway considered 
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for this Cell is lateral migration, through the sidewall AEGB, to the Chalk across the western 
boundary. 

1.2.3.4 Inert waste to south of Cell 1, overlying Overburden Field 
The inert waste to the south of Cell 1 overlies the Overburden Field and is bounded by the Chalk on 
its western side and is protected from it by a sidewall AEGB.  It is bounded by inert waste on its 
northern and eastern sides.  To the south, the landfill thickness thins to intercept the northern margin 
of North Pit.   

The overburden material was selected for the construction of the engineered cap for Cell 1 and the 
sidewall liner of Cell 2 due to its low permeability.  CQA tests carried out during the construction of 
these cells suggest that the permeability of the engineered overburden ranges from 2.6x10-10m/s to 
1.6x10-11m/s.  The thickness of the overburden is approximately 19 m and although the permeability 
of the in-situ material may be higher than the values obtained for the engineered material, it is 
suitable for an inert geological barrier as its properties are within the specifications of the Landfill 
directive: thus, a basal AEGB is not required in this area. 

Thus, the pathways considered for this Cell are 

• Lateral migration through the sidewall AEGB, to the Chalk across the western boundary and 

• Downward migration through the Overburden Field followed by lateral migration to the Chalk 
to the east, west and south. 

1.2.3.5 Inert waste in area to the east  
This area of inert waste is bounded to the north, west and south by Chalk and is protected from it by 
a sidewall AEGB.  To the east, the landfill thickness thins to a feather edge within the Geological 
SSSI void.  Thus, the pathway considered for this area is lateral migration, through the AEGB, to the 
Chalk across the northern, western and southern boundary. 

1.2.4 Receptors 
The Chalk aquifer is the receptor considered by the HRA.  It is noted that the majority of the fill 
material is against Chalk Marl.  Whilst this formation is designated as a Principal Aquifer by the 
Environment Agency, it is recognised that Chalk Marl has significantly lower hydraulic conductivity 
compared to structured chalk and provides limited yields for water supply or baseflow to surface 
water.  As such, it is unlikely that groundwater water from the Chalk Marl would be used for water 
supply.  However, should leachate reach competent Chalk then the groundwater flows will be 
significantly higher than in the Chalk Marl.  The Chalk hydraulic conductivity values selected in this 
model are conservatively representative of typical values observed for structured chalk. 

The Lower Greensand is also designated as a Principal Aquifer.  However, the Lower Greensand is 
isolated from the waste by over 40 m of low hydraulic conductivity Gault Clay and is thus qualitatively 
screened out from this assessment. 

The infiltration lagoon that will be constructed to the west of the overburden field represents a 
potential surface water receptor.  This is protected from the inert waste by AEGB material which will 
be placed around its perimeter.  The volume of waste that can impact this water body is also relatively 
limited and any contamination migrating into the infiltration lagoon will be diluted with surface water 
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prior to infiltration to the Chalk. Thus, it is not explicitly included in the risk assessment as the impact 
is considered to be smaller than a potential impact direct to the Chalk from the waste. 

North Pit and any surface water that remains in the SSSI void are also excluded from this 
assessment on the basis that there is no direct connection between the waste and these surface 
water bodies.  Any contamination of these water bodies would be via the Chalk. 

Appropriate Environmental Acceptance Levels (EALs) for the modelled contaminants are the 
Minimum Reporting Value (MRV) for hazardous substances and the UK Drinking Water Standards 
(DWS) for non-hazardous pollutants in the Lower Greensand and Chalk. 

The contributions from the pathways described in Section 1.2.3 are combined to assess the total 
impact in the Chalk.  Dilution is applied as follows: 

• instantaneous dilution for all contaminants originating from run-off and interflow and 

• dilution in groundwater for the non-hazardous pollutants. 
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2 Hydrogeological risk assessment 
2.1 The Nature of the Hydrogeological Risk Assessment 
The site is located within the Gault Clay, which is a non-aquifer.  During the managed stage, the 
leachate level in the CKD cell should be maintained sufficiently low that there is insignificant risk to 
adjacent surface water and the groundwater within the Chalk.  In the un-managed stage leachate 
heads can rise such that an impact on the Chalk is plausible.  For the inert waste areas, any leachate 
flux across the sidewall could impact the Chalk. 

Given the fact that the source term is dominated by inert material and that the Site is largely located 
on non-aquifer, with lateral pathways to the overlying Chalk, it is considered that a deterministic risk 
assessment is appropriate. 

2.2 The Proposed Assessment Scenarios 

2.2.1 Lifecycle Stages 
Two landfill stages can be considered; a managed stage when the leachate levels are managed 
(Cell 1 only) and an un-managed stage when leachate levels are no longer controlled (all phases). 

As there is no membrane liner present in the engineering design, there is no requirement to consider 
the long-term degradation of such materials. 

2.3 The Priority Contaminants to be Modelled 

2.4 Review of Technical Precautions 
The landfill is constructed within a low sensitivity environment.  The base and lower parts of the sides 
of the landfill are constructed within low permeability Gault Clay.  Where the landfill extends upwards 
into the Chalk, impacts are largely restricted to the lower Chalk Marl. 

The sides of the landfill comprise an AEGB engineered to meet minimum performance requirements, 
consistent with the Landfill Directive. 

The majority of the waste in contact with the Chalk will be inert.  The non-hazardous CKD waste is 
contained within Cell 1 and this has a relatively limited connection to the Chalk on its western side. 

Leachate levels within Cell 1 are managed to maintain a maximum leachate level of 21 mAOD.  Now 
that the landfill is capped, the volumes of leachate requiring abstraction have reduced.  Leachate 
abstraction will continue until such time as it is considered safe to allow it to cease.  This is 
investigated through sensitivity analyses in the model results section. 

2.5 Mathematical Modelling 

2.5.1 Justification for Modelling Approach and Software 
The risk assessment has been undertaken within the ESI’s Risk Assessment Model (RAM Version 
3) commercial software package (ESI, 2008). 

An electronic copy of the model is given in Appendix B. 
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The RAM software package, together with a number of groundwater risk assessment tools, has been 
benchmarked by ESI for the Agency (ESI, 2001).  Additionally, the equations used in RAM have 
been verified by comparison between direct evaluation of an analytical solution and the semi-analytic 
transform approach applied for more complex pathways, and by comparison with published solutions 
used for verification as part of the nuclear waste industry code comparison exercise INTRACOIN 
(Robinson & Hodgkinson, 1996). 

2.5.2 Model Parameterisation 
Parameters used in the RAM have been summarised in Table 2.1 to Table 2.8 with a brief 
description of the derivation of the values used.  The waste has been modelled as a declining source 
term, dependent upon the mass flux from the landfill.  Longitudinal dispersion is considered in the 
RAM with the dispersion length 1/10 of the path length. 

Table 2.1  Source geometry 

Parameter Value Unit Justification 

Volume of inert waste 8.53 Mm3 1.03M m3 in current Permit plus 7.5M m3 additional 
inert waste 

Inert waste field 
capacity 0.3 - Value taken from Beavan (1996) based on 

stress/strain of inert waste during field capacity tests. 

CKD field capacity 0.3 - Estimate based on value for inert waste. 

Maximum head in inert 
cells (West) 56.2 mAOD Conservative estimate from a weighted average of 

surface elevations in western area. 

Maximum head in inert 
cells (East) 36.25 mAOD Conservative estimate from average of surface 

elevations in eastern area. 

Cell 1 (CKD) 

Volume of CKD waste 0.8 Mm3 Estimate based on 1.6 million tonnes and density of 2 
tonnes/m3 

Base of Chalk 
adjacent to western 
boundary of Cell 1 

17.89 mAOD Estimated from BH03/08 borehole log.   

Managed leachate 
head in CKD Cell 21 mAOD Leachate trigger level of 3 m off base or 21 mAOD. 

Duration of managed 
period 30 years  

Elevation of surface of 
CKD Cell 34.6 mAOD Measured off Drawing 41695-1950961478_Site survey 

Oct 15.   

CKD Cell side AEGB 
length  170 m Measured from ESSD Drawing 10    

Surface Area CKD Cell 85,240 m2 
Sum of area of AEGB adjacent to CKD Cell and 
prorated surface area of CKD Cell and Cell 2 
(measured from GIS). 

Basal Area CKD Cell 52,724 m2 Measured from ESSD Drawing 10    
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Parameter Value Unit Justification 

Surface Area above 
CKD cell at surface of 
inert waste 

85,240 m2 
Calculated based on total surface area of inert waste 
above Cell 1 and Cell 2 prorated by measured basal 
areas. 

Cell 2 (Inert) 

Elevation of base of 
Cell 2 18 mAOD 

Average of elevations within the basal area (22 mAOD 
and 14 mAOD - measured from Drawing 41695-
1950961478_Site survey Oct 15) 

Elevation of surface of 
Cell 2 69 mAOD Measured off Restoration_Final_Works__plan_-8048   

Cell 2 side AEGB 
length  530 m Measured off drawings.  This the length of side AEGB 

along the western and northern boundaries. 

Surface Area Cell 2 96,531 m2 
Sum of area of AEGB on western and northern 
boundary of Cell 2 and prorated surface area of CKD 
Cell and Cell 2 (measured from GIS). 

Basal Area Cell 2 40,060 m2 Measured from ESSD Drawing 10    

Inert (West - overlying Cell 1 and Overburden field) 

Elevation of base 
waste 35 mAOD Measured off Drawing 41695-1950961478_Site survey 

Oct 15.   

Elevation of surface of 
waste 47 mAOD Measured off Restoration_Final_Works__plan_-8048   

Overburden perimeter 1,177 m 
This is the perimeter of the overburden in contact with 
the chalk on the western, southern and eastern 
boundaries (measured from GIS). 

Side AEGB length  389 m 
This is the length of the side AEGB in contact with the 
Chalk on the western boundary above Cell 1 and the 
overburden field (measured from GIS). 

Surface Area inert 
waste  191,516 m2 Sum of basal area and AEGB adjacent to western 

boundary of Overburden field (measured from GIS) 

Basal Area inert waste  155,444 m2 Basal area of Overburden field (measured from GIS). 

Inert (East on Gault) 

Elevation of base 
waste 15 mAOD Average of values measured off Drawing 41695-

1950961478_Site survey Oct 15.   

Elevation of surface of 
waste 36.25 mAOD ESSD Drawing 19 

Side AEGB length  560 m Measured from GIS on northern, western and southern 
boundary. 

Surface area  105,015 m2 Surface area of eastern AEGB (measured from GIS)  

Basal area  32,296 m2 Measured from ESSD Drawing 4  

Area bounding waste 
on the southern 
boundary for dilution 

52,000 m2 ESSD Drawing 19 
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Table 2.2  Engineering parameters 

Parameter Value Unit Justification 

Thickness of CKD Cell 
Cap Engineering 1 m CQA Report (Arup, 2017) 

Hydraulic conductivity 
of CKD Cell Cap 
Engineering 

1.38x10-10 m/s Average of cap hydraulic conductivity tests (Arup, 
2017) 

Thickness of Sidewall 
Engineering 1 m Minimum thickness allowed in regulations 

Hydraulic conductivity 
of Sidewall 
Engineering 

1 x10-7 m/s Maximum hydraulic conductivity allowed in regulations 

Effective porosity of 
the AEGB 0.1 - No data.  Appropriate value for engineered clay. 

Dry bulk density of the 
AEGB 2,400 kg/m3 Set to be same as Gault Clay 

Fraction of organic 
carbon in AEGB 0.0018 - Based on foc data for Boulder Clay in Wiedemeier et 

al. (1995) clay engineered barrier 
 

Table 2.3  Hydrology 

Parameter Value Unit Justification 

Rainfall to excavation 
area 559 mm/a Weeks (2003) 

Infiltration coefficient 0.5 - 
Likely value to represent proportion of rainfall that can 
infiltrate waste after allowing for evapotranspiration 
and interflow. 

Runoff coefficient 0.2 - Assume that 20% of rainfall runs off from restoration 
soils. 

 

Table 2.4  Hydrogeological parameters 

Parameter Value Unit Justification 

Tortuosity in all strata 5 - Likely value for natural strata 

Gault 

Elevation of base of 
Gault -25 mAOD Estimated from borehole logs 

Thickness of Gault Clay 
beneath base of landfill 43 m Weeks (2003) 

Hydraulic conductivity 
of Gault Clay (base) 2.35 x10-9 m/s Average of values from Weeks (2003) 
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Parameter Value Unit Justification 

Effective porosity of the 
Gault Clay 0.075 - ESI (2007a) 

Dry bulk density of 
Gault Clay 2400 kg/m3 Weeks (2003) 

Fraction of organic 
carbon in Gault Clay 0.048 - Based on data for Oxford Clay in Environment Agency 

(2004). 

Overburden 

Elevation of base of 
Overburden 15 mAOD Estimated from borehole logs 

Thickness of 
Overburden 19 m Estimated from borehole logs 

Hydraulic conductivity 
of Overburden 1.19 x10-10 m/s Average of clay cap and sidewall CQA reports for 

samples deriving from LS24 glacial till. 

Effective porosity of the 
Overburden 0.075 - Set to be same as Gault Clay 

Dry bulk density of 
Overburden 2400 kg/m3 Set to be same as Gault Clay 

Fraction of organic 
carbon in Overburden 0.048 - Set to be same as Gault Clay 

Chalk 

Mixing depth in Chalk 10 m Estimated from ESSD Drawing 8  

Mixing width in Chalk 900 m Width of site perpendicular to groundwater flow – 
measured from GIS.  

Hydraulic conductivity 
of competent chalk 2.31 x10-5 m/s Typical value for Chalk – 2 m/d. 

Hydraulic Gradient in in 
Chalk 0.01  Estimated from ESSD Drawing 8  

 

Table 2.5  Hydraulic head in Lower Chalk 

Parameter Value Unit Justification 

Cell CKD (side) 31 mAOD 

Chalk groundwater contours ESSD (2020) Drawing 14 

Cell 2 (side) 34 mAOD 

Overburden (side and 
base) 27 mAOD 

Inert: East on Gault 
(side) 29 mAOD 

Inert: East on AEGB 
(base) 28 mAOD 
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Table 2.6  CKD source term concentrations 

Parameter Value Unit Justification 

Chloride 12,100 mg/l 

95th percentile of leachate concentrations from LE and 
LW between 1st January 2015 and 10th January 2020 

Ammoniacal Nitrogen 
as N 7.45 mg/l 

Nickel 0.327 mg/l 

Arsenic 0.323 mg/l 

Potassium 27,250 mg/l 

Sodium 1,901 mg/l 

Sulphate as SO4 13,500 mg/l 

Cadmium 0.0031 mg/l 

Chromium 1.05 mg/l 

 

Table 2.7  Inert waste source term concentrations 

Parameter Value Unit Justification 

Ammoniacal Nitrogen 
as N 

1 mg/l 
Degradable wastes not permitted in inert landfills.  
Ammoniacal nitrogen selected in case small amounts 
of topsoil or other degradable material are accidentally 
accepted. 

Chloride 460 mg/l 

C0 (percolation test) value given in Section 2.1.2.1 of 
Council Decision 2003/33/EC 

Nickel 0.12 mg/l 

Arsenic 0.06 mg/l 

Cadmium 0.02 mg/l 

Chromium 0.1 mg/l 

Sulphate as SO4 
4,500 mg/l 

Three times the C0 (percolation test) value given in 
Section 2.1.2.1 of Council Decision 2003/33/EC to 
reflect permission to accept 3x WAC for total dissolved 
solids (TDS) in current permit. 

Table 2.8  Contaminant specific input parameters 

Parameter Value Unit Justification 

Chloride    

Partition co-efficient 
(all pathway 
segments) 

0 l/kg Conservative determinand 
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Parameter Value Unit Justification 

Degradation rate all 
pathway segments) Infinite days Does not degrade 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 250 mg/l UK DWS1 

Ammoniacal nitrogen    

Partition co-efficient 
(Gault Clay) 6.95 l/kg Taken from EA research project P1/254/01, based on 

Gault Clay from Barrington 

Partition co-efficient 
(Glacial Till) 0.5 l/kg (Buss, Herbert, Morgan, & Thornton, 2003) 

Degradation rate 
(Gault Clay and Glacial 
Till) 

Infinite days Assume anaerobic conditions 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 0.39 mg/l UK DWS1, converted from NH4 to N 

Nickel    

Partition co-efficient 
(Gault Clay & Glacial 
Till) 

5.76 l/kg Mid-point from range given in (ESI, 2009) 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 20 ug/l UK DWS1 

Arsenic    

Partition co-efficient 137.5 l/kg Mid-point from the Landsim manual 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 0.001 mg/l MRV2 -JAGDAG quantification limit 

Potassium    

Partition co-efficient 
(Gault Clay & Glacial 
Till) 

8.81 l/kg Mid-point of range given in (ESI, 2009).  Glacial Till set 
to be same as Gault Clay 

Degradation rate Infinite days No degradation 
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Parameter Value Unit Justification 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 12 mg/l UK DWS1 from 1999  

Sodium    

Partition co-efficient 
(Gault Clay & Glacial 
Till) 

1.69 l/kg (ESI, 2009).  Glacial Till set to be same as Gault Clay 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 200 mg/l UK DWS1 

Sulphate    

Partition co-efficient 0 l/kg Conservative determinand 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 250 mg/l UK DWS1 

Cadmium    

Partition co-efficient 750.8 l/kg Mid-point from the Landsim manual 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 0.005 mg/l UK DWS1 

Chromium    

Partition co-efficient 2200 l/kg Mid-point from the Landsim manual 

Degradation rate Infinite days No degradation 

Free water diffusion 
co-efficient 1x10-9 m2/s 

Value for chloride ion (Domenico & Schwartz, 1990) 
which is the most mobile ion used in this risk 
assessment. 

EAL 0.0004 mg/l MRV2 - level of detection. 
1DWS – UK Drinking Water Standard 
2 MRV – Minimum Reporting Value 
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2.5.3 Water balance summary 
As discussed in Section 1.2.1, the water balance for the area to the west is given by: 

𝑄𝑄𝑄𝑄𝑄𝑄𝑓𝑓𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡 = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐1−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡−𝑂𝑂𝑂𝑂−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡+ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡𝑊𝑊−𝑂𝑂𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙 +
 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐1−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙  +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙+𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝑊𝑊−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙   

and for the east is given by  

𝑄𝑄𝑄𝑄𝑄𝑄𝑓𝑓_𝐸𝐸𝑄𝑄𝑄𝑄𝐸𝐸 = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡𝐸𝐸−𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑡𝑡 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝐴𝐴−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙 . 

In the RAM model volumetric fluxes with identical source-pathway-receptor linkages are grouped 
and their volumetric fluxes are summed defining the volumetric flux on a single pathway. 
Conservatively, only attenuation within the Chalk is not considered so the different travel distances 
to the compliance point from the point of entry to groundwater are not considered in the model.  Using 
this approach, three pathways were defined: 

• Path A: Flux from Cell 1 (CKD cell) through the side AEGB to the Chalk (𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐1−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙.). 

• Path B:Flux from the Inert Waste (from both east and west sides) through the side AEGB to 
the Chalk (𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑊𝑊𝑐𝑐𝑐𝑐2−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙+𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝑊𝑊−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡 𝐴𝐴−𝐴𝐴𝐴𝐴𝐺𝐺𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙). 

• Path C: Flux from the Inert Waste through the Overburden field to the Chalk ( 
𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼𝑡𝑡𝑊𝑊−𝑂𝑂𝑂𝑂−𝐶𝐶ℎ𝑐𝑐𝑙𝑙). 

Basal mass fluxes to through the Gault Clay to the Lower Greensand have been qualitatively 
screened out  (Section 1.2.3) and only contribute to the declining source term in the model and the 
estimate of leachate head in the water balance. 

The mass flux from the Inert Waste and Cell 1 will enter the Chalk across the waste perimeter and 
will be diluted with groundwater flow (non-hazardous pollutants only) and instantaneous dilution 
originating from run-off across the Site.  The contaminant fluxes from the three pathways are 
compared to the relevant EAL.   

Understandably, it is difficult to apportion specific a dilution flux to Paths A, B and C separately due 
to the complex geometry at the Site, but in order to understand the contribution from the individual 
pathways the following approach has been adopted: 

Path A: 13% of the available instantaneous dilution is assigned to this pathway based on the 
ratio of the surface area of Cell 1 to the total surface area of the waste: no groundwater 
dilution is applied as this source is down gradient to the inert waste. 

Path B: 87% of instantaneous dilution is applied to this pathway allowing for the 13% applied 
to Path A: 100% of groundwater dilution is applied to this pathway as the flux from this source 
is upgradient to Path A and Path C. 

Path C: no groundwater dilution is applied to this pathway as this flux is downgradient to Path 
A and Path B: no instantaneous dilution is applied to this pathway as this available dilution 
has been assigned to Path A and Path B. 
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The water balance solution indicates that the leachate heads in the source will rise to the maximum 
levels reported in Table 2.1 as it is much harder to get water out of the landfill than into it.  The 
fluxes and dilution factors are presented in Table 2.9 for Path A, Path B and Path C.  Inspection of 
these data illustrates that Path B is the dominant pathway in terms of the volumetric flux.   

It should be noted that the dilution fluxes presented in this table are the values assigned to the 
individual pathways for illustrative purposes only: in reality the mass fluxes from each pathway will 
mix by processes of advection and dispersion and as such the combined concentrations are 
discussed in Sections 2.5.4 and 2.5.5. 

The mass fluxes from the three pathways are combined by summing the component mass fluxes 
(i.e. before dilution is applied) and then applying the total available groundwater and instantaneous 
dilution to derive the diluted concentrations. 

Table 2.9  Base case model results for side path from Cell 1 (CKD cell) 

Pathwa
y Component flux name 

Component 
volumetric flux 
(m3/s) 

Groundwater 
dilution 
(m3/s) 

Instantaneous 
dilution (m3/s) 

Path A Q_CKD_AEGB_S_Chlk 3.98x10-6 0 7.96x10-4 

Path B 

Qside_cell2-AEGB-Chlk 2.04x10-5 Sum of 
fluxes along 
pathway B 
4.54x10-4 

2.08x10-3 5.14x10-3 Qside_Inert W-AEGB-Chlk 4.26x10-4 

Qside_Inert E-AEGB-Chlk 7.06x10-6 

Path C Q_OB_Chlk 3.94x10-7 0 0 

2.5.4 Base case model results 
The base case model results are presented in Table 2.10 for Path A, Table 2.11 for Path B, Table 
2.12 for Path C and Table 2.13 for the combined pathway.  For the combined results, the maximum 
concentrations of all the determinands considered in this risk assessment are below their EAL 
values, and do not pose a risk to groundwater.  For the individual pathways, potassium exceeds the 
EAL at 800 years (although the DWS no longer applies) for Path A and sulphate is slightly elevated 
with respected to the DWS at 5 years for Path B: there are no exceedances on Path C.  The 
concentrations and breakthrough times in Table 2.11 for Path B and the Table 2.13 for the combined 
pathway are similar as Path B is the dominant pathway of the three modelled.  However, it must be 
stressed that the calculated concentrations are influenced by the arbitrary allocation of available 
dilution between the three pathways.  We also note for Path A that leachate head control will be 
maintained until CEMEX are confident that there will be no significant risk from the CKD waste. 

For the combined pathway, chloride and sulphate reach their peak concentrations after 5 years and 
the key attenuation process is dilution as they are not retarded and do not decay.  Arsenic, cadmium 
and chromium reach their peak concentrations at much later times as the undergo significant 
retardation in the AEGB.  The time at which the peak concentration occurs is directly proportional to 
the partition coefficient.  
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Table 2.10  Base case model results for side path from Cell 1 (Path A) 

Determinand Maximum concentration  EAL (mg/l) 

Chloride 17.3 mg/l @ 70 years 250 

Ammoniacal Nitrogen 0.010 mg/l @ 100 years 0.39 

Nickel 3.81x10-4 mg/l @ 600 years 0.020 

Arsenic 7.05x10-5 mg/l @ 5000 years 0.001 

Potassium 29.2 mg/l @ 800 years 12.0 

Sodium 2.5 mg/l @ 300 years 200 

Sulphate 19.3 mg/l @ 70 years 250 

Cadmium 5.06x10-13 mg/l @ 5000 years 0.005 

Chromium 2.54x10-24 mg/l @ 4000 years 4x10-4 

Table 2.11  Base case model results for side paths from Insert Waste (Path B) 

Determinand Maximum concentration  EAL (mg/l) 

Chloride 26.5 mg/l @ 5 years 250 

Ammoniacal Nitrogen 0.056 mg/l @ 15 years 0.39 

Nickel 0.005 mg/l @ 100 years 0.020 

Arsenic 5.86x10-4 mg/l @ 1000 years 0.001 

Potassium No breakthrough mg/l @ 5000 
years 12.0 

Sodium No breakthrough mg/l @ 5000 
years 200 

Sulphate 259 mg/l @ 5 years 250 

Cadmium 2.97x10-5 mg/l @ 5000 years 0.005 

Chromium 5.22x10-7 mg/l @ 5000 years 4x10-4 
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Table 2.12  Base case model results from path through Overburden field to Chalk (Path C) 

Determinand Maximum concentration  EAL (mg/l) 

Chloride 0.005 mg/l @ 5000 years 250 

Ammoniacal Nitrogen No breakthrough @ 5000 years 0.39 

Nickel No breakthrough @ 5000 years 0.020 

Arsenic No breakthrough @ 5000 years 0.001 

Potassium No breakthrough @ 5000 years 12.0 

Sodium No breakthrough @ 5000 years 200 

Sulphate 0.050 mg/l @ 5000 years 250 

Cadmium No breakthrough @ 5000 years 0.005 

Chromium No breakthrough @ 5000 years 4x10-4 

Table 2.13  Base case model results at compliance point (combined pathways) 

Determinand Maximum concentration  EAL (mg/l) 

Chloride 24.0 mg/l @ 5 years 250 

Ammoniacal Nitrogen 0.050 mg/l @ 15 years 0.39 

Nickel 0.005 mg/l @ 100 years 0.020 

Arsenic 5.13x10-4 mg/l @ 1000 years 0.001 

Potassium 2.8 mg/l @ 800 years 12.0 

Sodium 0.24 mg/l @ 300 years 200 

Sulphate 235 mg/l @ 5 years 250 

Cadmium 2.69x10-5 mg/l @ 5000 years 0.005 

Chromium 6.27x10-7 mg/l @ 5000 years 4x10-4 

2.5.5 Sensitivity analyses 
A series of sensitivity runs have been undertaken to assess model sensitivity to certain key input 
parameters for the combined pathway.  The sensitivity analyses undertaken are detailed in Table 
2.14 and the results in Table 2.15.  
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Table 2.14  Summary of sensitivity analyses 

Run Parameter Base case value Sensitivity value Unit 

Sensitivity 1 Hydraulic conductivity 
of the Overburden field 1.189 x10-10 1.00x10-8 m/s 

Sensitivity 2 Hydraulic conductivity 
of the AEGB 1.00x10-7 1.00x10-10 m/s 

Sensitivity 3a 
Managed time 

30 20 years 

Sensitivity 3b 30 80 years 

Sensitivity 4a 
Run-off 

0.5 0.4 - 

Sensitivity 4b 0.5 0.6 - 

Sensitivity 5a 

Maximum leachate 
head in western section 
(base case plus 2mAOD) 

56.2 58.2 mAOD 

Maximum leachate 
head in eastern section 
(base case plus 2mAOD) 

36.3 38.3 mAOD 

Sensitivity 5b 

Maximum leachate 
head in western section 
(base case minus 
2mAOD) 

56.2 54.2 mAOD 

Maximum leachate 
head in eastern section 
(base case minus 
2mAOD) 

36.3 34.3 mAOD 

Sensitivity 6 Mixing depth in Chalk 10 5 m 
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Table 2.15  Sensitivity analyses results 

Determinand EAL 
(mg/l) Base case 1 2 3a 3b 4a 4b 5a 5b 6 

Chloride 250 24.0 mg/l @ 
5 years 

24.1 mg/l @ 
5 years 

15.9 mg/l @ 
5 years 

24.0 mg/l @ 
5 years 

24.0 mg/l @ 
5 years 

21.6 mg/l @ 
5 years 

27.0 mg/l @ 
5 years 

26.5 mg/l @ 
5 years 

21.6 mg/l @ 
5 years 

27.4 mg/l @ 
5 years 

Ammoniacal 
Nitrogen 0.39 0.051 mg/l 

@ 15 years 
0.050 mg/l 
@ 15 years 

0.033 mg/l 
@ 20 years 

0.051 mg/l 
@ 15 years 

0.051 mg/l 
@ 15 years 

0.046 mg/l 
@ 15 years 

0.057 mg/l 
@ 15 years 

0.056 mg/l 
@ 15 years 

0.046 mg/l 
@ 15 years 

0.058 mg/l 
@ 15 years 

Nickel 0.020 0.005 mg/l 
@ 100 years 

0.004 mg/l 
@ 100 years 

0.003 mg/l 
@ 200 years 

0.005 mg/l 
@ 100 years 

0.005 mg/l 
@ 100 years 

0.004 mg/l 
@ 100 years 

0.005 mg/l 
@ 100 years 

0.005 mg/l 
@ 100 years 

0.004 mg/l 
@ 100 years 

0.005 mg/l 
@ 100 years 

Arsenic 0.001 
5.13x10-4 
mg/l @ 1000 
years 

4.64x10-4 
mg/l @ 1000 
years 

3.68x10-4 
mg/l @ 2000 
years 

5.13x10-4 
mg/l @ 1000 
years 

5.13x10-4 
mg/l @ 1000 
years 

4.54x10-4 
mg/l @ 1000 
years 

6.10x10-4 
mg/l @ 1000 
years 

5.55x10-4 
mg/l @ 1000 
years 

5.06x10-4 
mg/l @ 1500 
years 

5.13x10-4 
mg/l @ 1000 
years 

Potassium 12.0 2.8 mg/l @ 
800 years 

2.8 mg/l @ 
800 years 

1.7 mg/l @ 
1500 years 

4.2 mg/l @ 
800 years 

0.36 mg/l @ 
800 years 

2.5 mg/l @ 
800 years 

3.1 mg/l @ 
800 years 

2.7 mg/l @ 
800 years 

2.8 mg/l @ 
1000 years 

3.1 mg/l @ 
800 years 

Sodium 200 0.24 mg/l @ 
300 years 

0.24 mg/l @ 
300 years 

0.15 mg/l @ 
400 years 

0.36 mg/l @ 
200 years 

0.031 mg/l 
@ 300 years 

0.21 mg/l @ 
300 years 

0.27 mg/l @ 
300 years 

0.23 mg/l @ 
200 years 

0.24 mg/l @ 
300 years 

0.27 mg/l @ 
300 years 

Sulphate 250 235 mg/l @ 5 
years 

235 mg/l @ 5 
years 

156 mg/l @ 5 
years 

235 mg/l @ 5 
years 

235 mg/l @ 5 
years 

212 mg/l @ 5 
years 

264 mg/l @ 
5 years 

259 mg/l @ 
5 years 

211 mg/l @ 5 
years 

268 mg/l @ 
5 years 

Cadmium 0.005 
2.69x10-5 
mg/l @ 5000 
years 

2.35x10-5 
mg/l @ 5000 
years 

7.78x10-6 
mg/l @ 5000 
years 

2.69x10-5 
mg/l @ 5000 
years 

2.69x10-5 
mg/l @ 5000 
years 

2.47x10-5 
mg/l @ 5000 
years 

3.09x10-5 
mg/l @ 5000 
years 

2.85x10-5 
mg/l @ 5000 
years 

2.62x10-5 
mg/l @ 5000 
years 

3.13x10-5 
mg/l @ 5000 
years 

Chromium 4x10-4 
6.27x10-7 
mg/l @ 5000 
years 

5.65x10-7 
mg/l @ 5000 
years 

3.07x10-9 
mg/l @ 5000 
years 

6.27x10-7 
mg/l @ 5000 
years 

6.27x10-7 
mg/l @ 5000 
years 

5.55x10-7 
mg/l @ 5000 
years 

7.46x10-7 
mg/l @ 5000 
years 

7.97x10-7 
mg/l @ 5000 
years 

4.91x10-7 
mg/l @ 5000 
years 

6.27x10-7 
mg/l @ 5000 
years 

1DWS – UK Drinking Water Standard, 2 MRV – Minimum Reporting Value 

Concentrations that exceed the EAL are highlighted in bold 
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2.5.5.1 Sensitivity 1: increase in hydraulic conductivity of the overburden field material. 
There are no direct measurements of the in-situ hydraulic conductivity of the overburden field 
material.  Thus, it is appropriate to consider model sensitivity to increasing the hydraulic conductivity 
of this material. 

The peak concentrations of the contaminants that undergo significant retardation (arsenic, cadmium 
and chromium) are seen to decrease slightly as the hydraulic conductivity of the overburden is 
increased.  This occurs because the flux through the overburden to the Chalk increases as the 
hydraulic conductivity is increased, which in turn increases the rate of decline of the source thus 
decreasing the peak concentrations at the receptor.  This effect is more pronounced for 
determinands that are heavily retarded as their breakthrough curves extend over longer time periods. 

2.5.5.2 Sensitivity 2: decrease in hydraulic conductivity of the AEGB. 
Whilst the base case model has been run with the maximum hydraulic conductivity permitted in the 
regulations, it is likely that the placed AEGB may have a hydraulic conductivity lower than this, if it is 
constructed from overburden material.  Tests on overburden material that were used for construction 
of the sides wall AEGB along the northern side of Cell 2 gave hydraulic conductivities that ranged 
between 1.16x10-10 and 8.36x10-11 m/s (Arup, 2019). 

The peak concentrations for all the determinands decrease as the hydraulic conductivity of the AEGB 
is decreased.  This is a direct consequence of an increase in dilution factor at the receptor arising 
from a decrease in flux across the AEGB and a subsequent increase in dilution from surface run-off. 

2.5.5.3 Sensitivity 3: Managed time for Cell 1 
Potassium and sodium are the only determinands impacted by this sensitivity.  The flux from Cell 1 
is approximately 100 times smaller than the flux from the Inert waste.  Thus, when the pathways are 
combined the contributions from the Inert waste dominate where a contaminant is present in both 
sources and the impact of changes from Cell 1 pathways are not discernible.  However, because 
potassium and sodium are only present in Cell 1 (the CKD cell) changes in concentrations from this 
pathway are reflected in their combined concentrations. 

Reducing the managed time (Sensitivity 3a) reduces the decline of the CKD source, thus 
concentrations of potassium and sodium increase; conversely, extending the managed period 
increases the CKD decline and reduces the concentrations.  

2.5.5.4 Sensitivity 4: Run-off factor 
The results for this sensitivity run can appear counterintuitive as decreasing the run-off factor and so 
increasing the infiltration gives a reduction in peak concentrations, whilst increasing the run-off, so 
decreasing the infiltration, increases peak concentrations.  This occurs because the waste remains 
saturated in both runs so the flux through the waste does not change.  Thus increasing the infiltration 
rate simply increases dilution from surface run-off and vice-versa.  Sulphate concentrations slightly 
exceed the DWS of 250 mg/l when the run-off factor is increased to 0.6 with a concentration of 
264 mg/l. 

2.5.5.5 Sensitivity 5: Maximum leachate heads in the landfill 
The maximum leachate heads for the areas to the west and the east have been estimated from 
restoration contours.  Increasing the maximum leachate head will increase the flux through the waste 
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and decrease dilution from surface run-off, resulting in a lower dilution factor and higher 
concentrations at the receptor.  Thus, decreasing the maximum leachate head increases the dilution 
factor and reduces concentrations at the receptor.  Increasing the leachate head by 2 mAOD results 
in a predicted sulphate peak concentration of 259 mg/l which is slightly higher than the DWS of 
250 mg/l.  It should be noted that conservatively, the model assumes that these heads extend over 
the full area of the waste, whilst only a proportion of the source areas would be able to maintain the 
modelled maximum heads. 

2.5.5.6 Sensitivity 6: Mixing depth in the Chalk 
This sensitivity investigates the impact of reducing dilution of the non-hazardous pollutants in the 
Chalk.  A reduction in groundwater dilution of 50% results in the sulphate concentrations increasing 
from 235 mg/l to 268 mg/l, which again slightly exceeds the DWS of 250 mg/l.   

Concentrations of the hazardous substances are not impacted as they are not diluted in 
groundwater. 

2.5.5.7 Summary of sensitivity runs 
Sulphate is the only determinand for which predicted peak concentrations are slightly elevated with 
respect to the EAL for sensitivities 4b, 5a and 6.  However, the base case model uses an AEGB 
hydraulic conductivity of 1x10-7m/s which is approximately three orders of magnitude higher than 
values presented in Arup (2017) and Arup (2019).  Sensitivity Run 3 shows that reducing the AEGB 
hydraulic conductivity to 1x10-10m/s reduces peak concentrations from 235 mg/l to 156 mg/l 
indicating the degree of conservatism that has been built into the base case model.   

2.6 Hydrogeological completion criteria 
Given that there is no engineered cap or artificial sealing liner on the inert cells at the Site, there will 
be no managed phase following the end of restoration. Leachate is abstracted from Cell 1.  This cell 
is closed and is in its post-closure managed phase. 

During the operational phase of the inert cells / post-closure managed phase of the inert cells, the 
site monitoring data will be evaluated on an annual basis. The Hydrogeological Risk Assessment for 
the site will be reviewed in line with Environment Agency guidance. These reviews will help establish 
whether the Site performance is as predicted by the site Hydrogeological Risk Assessment. 

Following Site closure, it is proposed to continue monitoring until such time as the Cell 1 data suggest 
there will be no impact following cessation of leachate abstraction.  Once this has been implemented 
the Site will continue to be monitored for a further three years in order to confirm that it is performing 
as predicted by the site Hydrogeological Risk Assessment.  If it is, steps will then be taken to 
surrender the permit. 



 

Report Reference: 6879R16Rev1 

Report Status: Final 

Barrington Works Landfill Variation: Hydrogeological Risk Assessment Page 25 

3 Requisite surveillance 
Requisite surveillance is detailed in this section.  Monitoring locations are shown on Figure 3.1.  
Details for leachate, groundwater and surface water are provided in the following sections. 

3.1 The risk-based monitoring plan 

3.1.1 Leachate monitoring 
Leachate monitoring will continue to be undertaken in Cell 1.  No leachate monitoring will be 
undertaken in the inert phases. 

3.1.1.1 Leachate level 
No changes are proposed to the current arrangements for leachate level monitoring. 

Compliance levels of 21 mAOD or 3 m above base, whichever is lower will remain in force for LE 
and LW. 

No leachate compliance level is required for inert phases. 

3.1.1.2 Leachate quality 
In accordance with Environment Agency guidance issued in September 2013 on landfill monitoring 
and reporting standards and the 2019 annual monitoring report for the Site ( (Stantec, 2020), it is 
proposed to update the leachate quality frequency monitoring as detailed in Table 3.1. 

Table 3.1  Proposed leachate monitoring schedule 

Location Parameter Frequency Standard / Method 

Cell 1: LE & LW 

Depth to base, dip Monthly 

Appendix 6 of EA 
Guidance TGN 02 & 
guidance on .gov.uk 
website 

pH, EC, temperature, 
total alkalinity, 
ammoniacal nitrogen, 
chloride, cadmium, 
chromium, copper, lead, 
nickel, iron, arsenic, 
magnesium, potassium, 
sulphate, calcium, 
sodium, zinc, 
manganese, total 
oxidised nitrogen, BOD, 
COD 

Quarterly 

Hazardous substances Once every 4 years 
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Figure 3.1  Proposed groundwater and surface water monitoring locations 
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3.1.2 Groundwater monitoring 
It is proposed that groundwater quality monitoring is undertaken as detailed in Table 3.2.  The 
locations have been updated as follows.  BH90/1, BH90/2 and 1/02 have been removed as they will 
be in the middle of the extended landfill.  BH17/2 has been added as a new down hydraulic gradient 
monitoring point. 

Table 3.2  Proposed groundwater and surface water quality monitoring schedule 

Location Parameter Frequency Standard / Method 

BH91/1A, BH91/2A, 
BH17/2, BH97/2, 
BH97/3, BH6A 

Dip, depth to base Monthly 

Appendix 6 of EA 
Guidance TGN 02 & 
guidance in .gov.uk 
website 

pH, EC, temperature, 
total alkalinity, 
ammoniacal nitrogen, 
chloride, magnesium, 
potassium, sulphate, 
calcium, sodium, 
manganese, total 
oxidised nitrogen 

Quarterly 

cadmium, chromium, 
copper, lead, nickel, iron, 
arsenic, zinc 

Annual 

 

3.1.2.1 Groundwater compliance limits 
Exceedances of existing groundwater compliance limits over the last 5 years have been reviewed 
and it is noted that exceedances are occasional and short lived.  Therefore, it is considered that the 
current compliance limits for those locations being retained remain fit for purpose. 

As noted in the annual reports, the Chalk at BH91/1A is mostly dry.  This well is installed to the base 
of the Chalk, but there is rarely sufficient water to obtain a sample.  Therefore, it is not possible to 
calculate compliance levels at this location. 

Compliance levels for BH17/2 have been calculated as described below.  Control Levels and 
Compliance limits derived here for BH17/2 are presented in Table 3.4.  Compliance Limits for all 
locations are presented in Table 3.3. 

Table 3.3  Proposed groundwater compliance limits 

Determinand Unit BH6a BH91/2A BH91/1A BH97/2 BH97/3 BH17/2 

Ammoniacal 
nitrogen mg/l 0.96 0.4 N/A 0.1 0.23 0.19 

Cadmium µg/l 0.16 0.16 N/A 0.16 0.16 0.16 
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Determinand Unit BH6a BH91/2A BH91/1A BH97/2 BH97/3 BH17/2 

Chloride mg/l 60 40 N/A 39 80 51 

Chromium mg/l 0.48 0.48 N/A 0.48 0.48 0.48 

Nickel mg/l 0.01 0.01 N/A 0.006 0.04 0.006 

pH pH units > 6 & ≤ 11 > 6 & ≤ 11 N/A > 6 & ≤ 11 > 6 & ≤ 11 > 6 & ≤ 11 

Potassium mg/l 19 6 N/A 7 15 16 

Sodium mg/l 95 20 N/A 16 45 34 

Sulphate mg/l 161 210 N/A 105 468 376 

 

Derivation of Control Levels and Compliance Limits for BH17/2 

Water quality data have been analysed and used to set Control Levels and Compliance Limits. 
Control levels have been set at the mean + 2 standard deviations, whilst compliance limits are set 
at mean + 3 standard deviations. Background water quality data with the proposed Control Levels 
and Compliance Limits are presented graphically in Appendix C. 

Prior to assessment, the data have been checked for outliers using statistical tests. Outliers are 
highlighted in Appendix C with a red circle and have been removed from the Control Level and 
Compliance Limit calculation (except where stated). Where concentrations have been found below 
the level of detection, the level of detection concentration has been used in the assessment. 

Ammoniacal nitrogen 

D'Agostino's test (D'Agastino, 1971) has been applied to check for normality of the data and this 
shows that the data is not normally or log normally distributed.  Therefore, it is appropriate to use the 
Walsh (USEPA, 2006) outlier test (which does not require normality of data) to assess for outliers.  
This test requires a larger dataset (n > 60) than is available here (n = 30).  Nonetheless the test has 
been applied and it shows that there are no outliers identified.  Therefore, the full dataset has been 
used for the assessment. 

Cadmium 

No positive cadmium detections have been observed.  Therefore, the Control Level has been set to 
the detection limit and the Compliance Limit to the same value as has previously been agreed for 
the other groundwater monitoring wells. 

Chloride 

Grubb’s test (USEPA, 2006) has been applied to this dataset and a single outlier identified.  
Following its removal, D'Agostino's test (D'Agastino, 1971) shows that the dataset has a normal 
distribution.  Due to the small standard deviation the calculated Control Level and Compliance Limit 
are very close.  As concentrations are low and in order to ensure there is sufficient difference 
between them such that following an exceedance of the Control Level there is sufficient time to apply 
remedial measures prior to the Compliance Limit being exceeded, the Compliance Limit has been 
set to the Control Limit plus 10 mg/l. 
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Chromium 

No positive chromium detections have been observed.  Therefore, the Compliance Limit has been 
set to the same value as has previously been agreed for the other groundwater monitoring wells.  
The Control Level has been set to half the Compliance Limit. 

Nickel 

No positive nickel detections have been observed.  Therefore, the Control Level has been set to the 
detection limit and the Compliance Limit to double this value. 

pH 

pH is not a determinand and it is not appropriate to assess it using statistical techniques.  pH at 
BH17/2 is neutral, ranging between 7.3 and 7.9 pH units based on lab tests and 6.8 and 8.5 based 
on field tests. The Compliance Limit for pH has been set the same as for the other groundwater 
monitoring wells. 

Potassium 

D'Agostino's test (D'Agastino, 1971) has been applied to check for normality of the data and this 
shows that the data is normally distributed.  Grubb’s test (USEPA, 2006) has been applied to this 
dataset which confirms there are no outliers.  In order to ensure there is sufficient difference between 
the Control Level and Compliance Limit such that following an exceedance of the Control Level there 
is sufficient time to apply remedial measures prior to the Compliance Limit being exceeded, the 
Compliance Limit has been set to the Control Limit plus 5 mg/l. 

Sodium 

D'Agostino's test (D'Agastino, 1971) has been applied to check for normality of the data and this 
shows that the data is normally distributed.  Grubb’s test (USEPA, 2006) has been applied to this 
dataset which confirms there are no outliers.  In order to ensure there is sufficient difference between 
the Control Level and Compliance Limit such that following an exceedance of the Control Level there 
is sufficient time to apply remedial measures prior to the Compliance Limit being exceeded, the 
Compliance Limit has been set to the Control Limit plus 10 mg/l. 

Sulphate 

D'Agostino's test (D'Agastino, 1971) has been applied to check for normality of the data and this 
shows that the data is normally distributed.  Grubb’s test (USEPA, 2006) has been applied to this 
dataset which confirms there are no outliers. 

Table 3.4  Control levels and Compliance Limits derived for BH17/2 

Determinand Unit Control Level Compliance Limit 

Ammoniacal nitrogen mg/l 0.15 0.19 

Cadmium µg/l 0.07 0.16 

Chloride mg/l 41 51 

Chromium mg/l 0.24 0.48 
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Determinand Unit Control Level Compliance Limit 

Nickel mg/l 0.003 0.006 

pH pH units NA > 6 & ≤ 11 

Potassium mg/l 11 16 

Sodium mg/l 24 34 

Sulphate mg/l 332 376 

3.1.3 Surface water monitoring 
Following a telephone meeting with the Environment Agency on 30 June 2020, it was agreed that 
surface water would be monitored for the same determinands as groundwater (see Table 3.2). 

The Environment Agency also requested that location S25 be moved to the point where it discharges 
into North Pit.  This new location will be designated S27 (see Figure 3.1).  Once the landfill has been 
restored and the new pipeline between the SSSI Void and North Pit has been installed the monitoring 
point will be moved to eastern side of North Pit and designated S28.   Water discharged to the River 
Cam will continue to be monitored at location S26. 
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Refer to Figure 1.1 Site conceptual model of the 

Paths from the Area to the west.  

1. Cell 1 (CKD) basal path through Gault to Lower greensand 

Darcy’s law over the base of Cell 1 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1𝐶𝐶𝐶𝐶𝐶𝐶 =  
K_base_gb_glt Cell_CKD ∗ A_base_gb Cell_CKD ∗ (hl_solve− hgw_lgs_b  Cell_CKD)

t_base_gb_glt Cell_CKD
 

Where  

K_base_gb_glt Cell_CKD is the hydraulic conductivity of the Gault Clay underlying Cell 1 (m/s); 

A_base_gb Cell_CKD is the basal area of Cell 1; 

t_base_gb_glt Cell_CKD is the thickness of the Gault Clay underlying Cell 1 (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_lgs_b Cell_CKD is the head in the Lower greensand underlying Cell 1 (maOD). 

2. Cell 2 (Inert) basal path through Gault to Lower greensand 

Darcy’s law over the base of Cell 2. 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐2 =  
K_base_gb_glt Cell2 ∗ A_base_gb Cell2 ∗ (hl_solve − hgw_lgs_b  Cell2)

t_base_gb_glt Cell2
 

K_base_gb_glt Cell2 is the hydraulic conductivity of the Gault Clay underlying Cell 2 (m/s); 

A_base_gb Cell2 is the basal area of Cell 2; 

t_base_gb_glt Cell2 is the thickness of the Gault Clay underlying Cell 2 (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_lgs_b Cell2 is the head in the Lower greensand underlying to Cell 2 (maOD). 

 

3. Overburden (Inert) basal path through Overburden and Gault to Lower greensand (In_W on WaterBalance sheet) 

Darcy’s law over the base of the Overburden  

Only calculated when the hl_solve is above the base of the overburden. 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑂𝑂𝑂𝑂_𝐿𝐿𝐿𝐿𝐿𝐿 =  
K_base_gb_glt In_W ∗ A_base_gb In_W ∗ (hl_solve− hgw_lgs_b  In_W)

t_base_gb_glt In_W
 

Here 𝐾𝐾_base_gb_glt In_W is the effective hydraulic conductivity of overburden and gault: 

𝐾𝐾_base_gb_glt In_W=(t_OB+t_gault)/((t_OB/K_OB)+(t_gault/K_gault)) (m/s) 

𝑡𝑡_base_gbglt In_W =(t_OB+t_gault) (m) 

K_gault is the hydraulic conductivity of the Gault Clay underlying the overburden field (m/s); 

t_gault is the thickness of the Gault Clay underlying the overburden field (m); 
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K_OB is the hydraulic conductivity of the overburden field (m/s); 

t_OB is the thickness of the overburden field (m); 

A_base_gb In_W is the basal area of the overburden field; 

t_base_gb_glt In_W is the thickness of the overburden field (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_lgs_b In_W is the head in the Lower greensand underlying to the overburden field (maOD). 

 

4. Overburden (Inert) basal path through overburden to Chalk (In_W in Excel) 

Darcy’s law over the Overburden : the cross-sectional area (A_side_OB) is the full thickness  of overburden at the perimeter 
of the overburden in contact with the Chalk (over the W, S and E sides).  Also, the thickness of the overburden material 
over which the gradient is calculated is an average of 0 and the maximum diagonal distance vertically through the 
overburden based on the average of the Width and length of the cross-sectional area (D_OB). 

Only calculated when the head is above the base of the overburden. 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑂𝑂𝑂𝑂_𝑐𝑐ℎ𝑐𝑐𝑙𝑙 =  
K_OB ∗ A_side_OB ∗ (hl_solve− hgw_chk_b  In_W)

D_OB
 

K_OB is the hydraulic conductivity of the overburden field (m/s); 

A_side_OB =t_OB*P_OB is the lateral area of the overburden field (m2); 

t_OB is the thickness of the overburden field (m); 

P_OB is the perimeter of the overburden field over the west, south and east boundaries(m); 

D_OB is the distance through the overburden field overwhich the hydraulic gradient is calculated (m); 

 Where D_OB=SQRT(((W_OB+L_OB)/2)^2+t_OB^2)/2 

W_OB is the width of the overburden field (m); 

L_OB is the length of the overburden field (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_chk_b In_W is the head in the Chalk adjacent to the perimeter of the overburden field (maOD). 

 

5. Cell 1 (CKD) side path through AEGB to Chalk  

Here, we assume there is hydraulic continuity between the leachate and the groundwater head in the chalk so we apply 
Darcy’s law to horizontal flow over the barrier.   

a. Head above top of CKD 

The thickness of the wetted barrier used to calculate the cross-sectional area is limited by the top of the waste 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶 = KsidegbCellCKD ∗ LsideCellCKD ∗ (T_W Cell_CKD− B_W Cell_CKD) 
hl_solve −  hgw_chk_s Cell_CKD

t_side_gb Cell_CKD
 

Here LsideCellCKD ∗ (T_W Cell_CKD− B_W Cell_CKD)  is the lateral area of the side AEGB of Cell 1 (m2)  
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K_side_gb Cell_CKD is the hydraulic conductivity of the side AEGB on Cell 1 (m/s); 

L_side_gb Cell_CKD is the length of the side AEGB on Cell 1 (m); 

T_W Cell_CKD is elevation of the top of Cell 1 (maOD); 

B_W Cell_CKD is elevation of the base of Cell 1 (maOD); 

t_side_gb Cell_CKD is the thickness of the side AEGB on Cell 1 (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_chk_s Cell_CKD is the head in the Chalk adjacent to the Cell 1 (maOD). 

 

b. Head below top of CKD 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶 = KsidegbCellCKD ∗ LsideCellCKD ∗ �
hlsolve + hgwchksCellCKD 

2
− BWCellCKD�

hlsolve −  hgwchksCellCKD 

tsidegbCellCKD
 

=
KsidegbCellCKD∗LsideCellCKD

2∗tsidegbCellCKD
∗ �hlsolve

2 − 2 ∗ hlsolve ∗ BWCellCKD + 2 ∗ B𝑊𝑊CellCKD ∗ hgwchksCellCKD − hgwchksCellCKD 
2�  

Here LsideCellCKD ∗ �
hlsolve+hgwchksCellCKD 

2
− BWCellCKD� is the lateral area of the side AEGB of Cell 1 (m2) 

K_side_gb Cell_CKD is the effective hydraulic conductivity of the side AEGB on Cell 1 and the waste (m/s) where 

𝐾𝐾_side_gb_glt Cell_CKD = 

( 𝑡𝑡_sidegb Cell_CKD +t_waste)/((𝑡𝑡_side_gb Cell_CKD / 𝐾𝐾_side_gb Cell_CKD)+(t_waste/K_waste)) (m/s) 

t_side_gb_glt Cell_CKD =𝑡𝑡_sidegb Cell_CKD +t_ waste is the thickness of the side AEGB on Cell_CKD and the waste (m); 

L_side Cell_CKD is the length of the side AEGB on Cell 1 (m); 

B_W Cell_CKD is elevation of the base of Cell 1 (maOD); 

t_side_gb Cell_CKD is the thickness of the side AEGB on Cell 1 (m); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_chk_s Cell_CKD is the head in the Chalk adjacent to the Cell 1 (maOD). 

 

6.  Cell 2 (Inert) side path through AEGB and Gault to Lower greensand 

The cross-sectional area is in the xy plane and is calculated from the length of cell 2 and the wetted width of the AEGB 
barrier projected into the xy plane.  The gradient is calculated by the head drop between the leachate head and the head in 
the lower greensand and the thickness of the Gault. 

a. Head above top of Chalk 

The wetted width of the barrier this is limited by the base of the Chalk (B_Chlk) 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐𝑙𝑙𝑙𝑙 = K_side_gb_glt Cell2
LsideCell2 ∗ (B_Chlk Cell2− B_W Cell2)

tan_t Cell2
(hl_solve −  hgw_lgs_b Cell2 )

t_side_gb_glt Cell2
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Here LsideCell2∗(B_Chlk Cell2−B_W Cell2)
tan_t Cell2

 is the lateral area of the side AEGB of Cell 2 adjacent to the Gault Clay on the northern 

boundary (m2) 

and  K_side_gb_glt Cell_2 is the effective hydraulic conductivity of the side AEGB on Cell 2 and the gault clay (m/s) where 

 𝐾𝐾_side_gb_glt Cell2=( 𝑡𝑡_sidegbCell2 +t_gault)/((𝑡𝑡_side_gb Cell2/ 𝐾𝐾_side_gb Cell2)+(t_gault/K_gault)) (m/s) 

t_side_gb_glt Cell_2 =𝑡𝑡_sidegbCell2 +t_gault is the thickness of the side AEGB on Cell 2  and the Gault Clay(m); 

L_side Cell_2 is the length of the side AEGB on Cell 2 (m); 

B_Chlk Cell_2 is elevation of the base of Chalk on the northern boundary of Cell 2 (maOD); 

B_W Cell_2 is elevation of the base of Cell 2 (maOD); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_lgs_b Cell_2 is the head in the Lower greensand underlying to the Cell 2 (maOD). 

 

b. Head below top of Chalk 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐𝑙𝑙𝑙𝑙 = K_side_gb_glt Cell2
LsideCell2 ∗ (hl_solve− B_W Cell2)

tan_t Cell2
(hl_solve −  hgw_lgs_b Cell2 )

t_side_gb_glt Cell2
 

=
KsidegbgltCell2

∗ LsideCell2

tsidegbgltCell2 ∗ tan_t Cell2
∗ (hl_solve2 − hl_solve ∗ (B_W Cell2 +  hgw_lgs_b Cell2 ) + B_W Cell2 ∗ hgw_lgs_b Cell2) 

Here LsideCell2∗(hl_solve−B_W Cell2)
tan_t Cell2

 is the lateral area of the side AEGB of Cell 2 adjacent to the Gault Clay on the northern 

boundary (m2) and K_side_gb_glt Cell_2 is the effective hydraulic conductivity of the side AEGB on Cell 2 and the gault clay 
(m/s) where 

𝐾𝐾_side_gb_glt Cell2=( 𝑡𝑡_sidegbCell2 +t_gault)/((𝑡𝑡_side_gb Cell2/ 𝐾𝐾_side_gb Cell2)+(t_gault/K_gault)) (m/s) 

t_side_gb_glt Cell_2 =𝑡𝑡_sidegbCell2 +t_gault is the thickness of the side AEGB on Cell 2 and the Gault Clay(m); 

L_side Cell_2 is the length of the side AEGB on Cell 2 (m); 

B_W Cell_2 is elevation of the base of Cell 2 (maOD); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_lgs_b Cell_2 is the head in the Lower greensand underlying to the Cell 2 (maOD). 

 

7. Cell 2 (Inert) side path through AEGB to Chalk 

Here, we assume there is hydraulic continuity between the head in the waste and the groundwater head in the chalk so we 
apply Darcy’s law to horizontal flow over the barrier.   

There may be some level of unsaturated flow in which case do we need to do this one like path 7? 

Only calculated when head is above the base of the Chalk. 

QsideCell2chlk = K_side_gb Cell2 �LsideCell2 ∗ �
hlsolve + hgwchksCell2 − 2 ∗ BChlkCell2

2
 ��  

hlsolve − hgwchksCell2

t_side_gb Cell2
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=
KsidegbCell2 ∗ LsideCell2

2 ∗ t_side_gb Cell2 �hlsolve
2 − hlsolve ∗ 2 ∗ BChlkCell2− hgwchksCell2

2 + 2 ∗ BChlkCell2 ∗ hgwchksCell2�  

 

Here LsideCell2 ∗ �hlsolve+hgwchksCell2−2∗BChlkCell2
2

 � is the lateral area of the side AEGB of Cell 2 adjacent to the Chalk on 
the northern and western boundaries (m2)  

K_side_gb Cell_2 is the effective hydraulic conductivity of the side AEGB on Cell 1 and the waste (m/s) where 

𝐾𝐾_side_gb_glt Cell_2 = 

( 𝑡𝑡_sidegb Cell_2 +t_waste)/((𝑡𝑡_side_gb Cell_2 / 𝐾𝐾_side_gb Cell_2)+(t_waste/K_waste)) (m/s) 

t_side_gb Cell_2 =𝑡𝑡_sidegb Cell_2 +t_ waste is the thickness of the side AEGB on Cell_2 and the waste (m); 

L_side Cell_2 is the length of the side AEGB on Cell 2 (m); 

B_Chlk Cell_2 is elevation of the base of Chalk on the northern boundary of Cell 2 (maOD); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

hgw_chlk_s Cell_2 is the head in the Chalk adjacent to the Chalk on the northern boundary (maOD). 

 

8. Above Cell 1 (Inert) and Overburden (Inert) side path through AEGB to Chalk 

Here, the AEGB is above the groundwater level in the chalk so the area is the wetted area of the AEGB projected on to the 
xy plane.  The head drops to zero over the thickness of the AEGB but the head is halved as an approximation as it is applied 
over a slope.  

Only calculated when head is above the base of the Overburden field. 

QsideOBCell1 = KsidegbInW ∗ �(LsideInW + LsideCellCKD) ∗
(hlsolve − BWInW)

tant InW
� ∗

(hlsolve − BWInW)
2� + t_side_gb In_W

t_side_gb In_W
 

=
KsidegbInW ∗ (LsideInW + LsideCellCKD)

2 ∗ tant InW ∗ t_side_gb In_W
∗ �hlsolve

2 − hlsolve ∗ 2 ∗ �BWInW − tsidegbInW�+ BWInW2 − 2 ∗ BWInW ∗ t_side_gb In_W� 

Here �(LsideInW + LsideCellCKD) ∗ (hlsolve−BWInW)
tant InW

� is the lateral area of the side AEGB overlying Cell 1 and the overburden 

field adjacent to the Chalk on the western boundary (m2)  

K_side_gb In_W is the effective hydraulic conductivity of the side AEGB on and the waste on the western boundary (m/s) 
where 

𝐾𝐾_side_gb In_W = 

( 𝑡𝑡_sidegb In_W +t_waste)/((𝑡𝑡_side_gb In_W / 𝐾𝐾_side_gb In_W)+(t_waste/K_waste)) (m/s) 

t_side_gb In_W =𝑡𝑡_sidegb In_W +t_ is the thickness of the side AEGB and the waste on the western boundary (m); 

tan_t In_W is the slope of the sidewall on  the western boundary (-); 
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L_side In_W and L_side Cell_CKD are the lengths of the side AEGB on the western boundary above the overburden field 
and Cell 1 (m); 

B_W In_w is elevation of the base of inert waste above the overburden field (maOD); 

hl_solve is the head in the Area to the west (maOD) – this parameter is calculated; 

 

Solution for hl_solve in the Area to the west when head is above the base of the Overburden (coincides with the top of 
Cell 1) 

Equating the inflows to the outflow gives 

Qinf= 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1𝐶𝐶𝐶𝐶𝐶𝐶+ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐2 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑂𝑂𝑂𝑂 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑂𝑂𝑂𝑂_𝑐𝑐ℎ𝑐𝑐𝑙𝑙 +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶+𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2+QsideCell2chlk+QsideOBCell1  

Where Qinf_west in the infiltration in m3/s.  Substituting the equations presented above for each component of outflows 
gives: 

Qinf_west= 

K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD∗(hl_solve−hgw_lgs_b  Cell_CKD)
t_base_gb_glt Cell_CKD

 +  

K_base_gb_glt Cell2∗A_base_gb Cell2∗(hl_solve−hgw_lgs_b  Cell2)
t_base_gb_glt Cell2

  + 

K_base_gb_glt In_W∗A_base_gb In_W∗(hl_solve−hgw_chk_b  In_W)
t_base_gb_glt In_W

+ 

K_OB∗A_OB ∗(hl_solve−hgw_chk_b  In_W)
D_OB

 + 

KsidegbCellCKD ∗ LsideCellCKD ∗ (T_W Cell_CKD− B_W Cell_CKD) hl_solve − hgw_chk_s Cell_CKD
t_side_gb Cell_CKD

 + 

K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)
tan_t Cell2

(hl_solve − hgw_lgs_b Cell2 )
t_side_gb_glt Cell2

+ 

KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
�hlsolve

2 − hlsolve ∗ 2 ∗ BChlkCell2− hgwchksCell2
2 + 2 ∗ BChlkCell2 ∗ hgwchksCell2�+ 

KsidegbInW∗(LsideInW+LsideCellCKD)

2∗tant InW∗t_side_gb In_W
∗ �hlsolve

2 − hlsolve ∗ 2 ∗ �BWInW − tsidegbInW� + BWInW2 − 2 ∗ BWInW ∗

t_side_gb In_W�  

Rearranging into form 𝑄𝑄𝑎𝑎2 + bx + 𝑐𝑐 = 0  where x represents hl_solve gives the following expressions for a, b and c. 

Quadratic coefficients 

a=
KsidegbInW∗(LsideInW+LsideCellCKD)

2∗tant InW∗tsidegbInW
 +
KsidegbCell2∗LsideCell2

2∗tsidegbCell2
 

b=K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD
t_base_gb_glt Cell_CKD

 +K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

+K_base_gb_glt In_W∗A_base_gb In_W
t_base_gb_glt In_W

 + K_OB∗A_OB 
D_OB

+ 

KsidegbCellCKD∗LsideCellCKD∗(T_W Cell_CKD−B_W Cell_CKD) 

t_side_gb Cell_CKD
+ K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)

tantCell2∗_side_gb_glt Cell2
 - 

KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
[2 ∗ BChlkCell2] - 

KsidegbInW∗(LsideInW+LsideCellCKD)

2∗tant InW∗t_side_gb In_W
∗ �2 ∗ �BWInW − tsidegbInW�� 
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c=−hgwlgsbCellCKD ∗
K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD

t_base_gb_glt Cell_CKD
  

−hgwlgsbCell2 ∗ K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

  

−hgwchkbInW ∗ K_base_gb_glt In_W∗A_base_gb In_W
t_base_gb_glt In_W

  

-hgwchkbInW ∗ K_OB∗A_OB
D_OB

 

-KsidegbCellCKD ∗ LsideCellCKD ∗ (T_W Cell_CKD− B_W Cell_CKD)  hgw_chk_s Cell_CKD
t_side_gb Cell_CKD

 

-K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)
tan_t Cell2

 hgw_lgs_b Cell2 )
t_side_gb_glt Cell2

 

+
KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
�2 ∗ BChlkCell2 ∗ hgwchksCell2 − hgwchksCell2

2� 

+
KsidegbInW∗(LsideInW+LsideCellCKD)

2∗tant InW∗t_side_gb In_W
∗ �BWInW2 − 2 ∗ BWInW ∗ t_side_gb In_W� 

-Qinf_west 

We can then solve for hl_solve using ℎ𝑐𝑐_𝑄𝑄𝑠𝑠𝑐𝑐𝑠𝑠𝑒𝑒 = −𝑏𝑏±√𝑏𝑏2−4𝑎𝑎𝑐𝑐
2𝑎𝑎

 

 

Solution for hl_solve in the Area to the west when head is below the base of the Overburden (this coincides with the top 
of Cell 1) but above the base of the Chalk 

Here equating the inflows to the outflows gives: 

Qinf_west= 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1𝐶𝐶𝐶𝐶𝐶𝐶+ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐2 +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶+𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2+QsideCell2chlk+ 

= 

K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD∗(hl_solve−hgw_lgs_b  Cell_CKD)
t_base_gb_glt Cell_CKD

 +  

K_base_gb_glt Cell2∗A_base_gb Cell2∗(hl_solve−hgw_lgs_b  Cell2)
t_base_gb_glt Cell2

  + 

KsidegbCellCKD∗LsideCellCKD
2∗tsidegbCellCKD

∗ �hlsolve
2 − 2 ∗ hlsolve ∗ BWCellCKD + 2 ∗ BWCellCKD ∗ hgwchksCellCKD − hgwchksCellCKD 

2�+ 

K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)
tan_t Cell2

(hl_solve − hgw_lgs_b Cell2 )
t_side_gb_glt Cell2

+ 

KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
�hlsolve

2 − hlsolve ∗ 2 ∗ BChlkCell2− hgwchksCell2
2 + 2 ∗ BChlkCell2 ∗ hgwchksCell2�  

For this solution the quadratic coefficients are given below. 

Quadratic coefficients 

a=
KsidegbCell2∗LsideCell2

2∗tsidegbCell2
 +
KsidegbCellCKD∗LsideCellCKD

2∗tsidegbCellCKD
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b=K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD
t_base_gb_glt Cell_CKD

 +K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

 - 

KsidegbCellCKD∗LsideCellCKD 

2∗t_side_gb Cell_CKD
∗ (2 ∗ BWCellCKD)+ K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)

tantCell2∗_side_gb_glt Cell2
 - 

KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
[2 ∗ BChlkCell2]  

 

c=−hgwlgsbCellCKD ∗
K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD

t_base_gb_glt Cell_CKD
  

−hgwlgsbCell2 ∗ K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

  

+
KsidegbCellCKD∗LsideCellCKD

2∗tsidegbCellCKD
∗ �2 ∗ BWCellCKD ∗ hgwchksCellCKD − hgwchksCellCKD 

2�   

-K_side_gb_glt Cell2 LsideCell2∗(B_Chlk Cell2−B_W Cell2)
tan_t Cell2

 hgw_lgs_b Cell2 )
t_side_gb_glt Cell2

  

+
KsidegbCell2∗LsideCell2

2∗t_side_gb Cell2
�2 ∗ BChlkCell2 ∗ hgwchksCell2 − hgwchksCell2

2� 

-Qinf_west 

 

Solution for hl_solve in the Area to the west when head below the base of the Chalk 

For this situation, equating the inflows to the outflows gives: 

Qinf_west= 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1𝐶𝐶𝐶𝐶𝐶𝐶+ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐2 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑐𝑐𝑙𝑙𝑙𝑙 

= 

K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD∗(hl_solve−hgw_lgs_b  Cell_CKD)
t_base_gb_glt Cell_CKD

 +  

K_base_gb_glt Cell2∗A_base_gb Cell2∗(hl_solve−hgw_lgs_b  Cell2)
t_base_gb_glt Cell2

  + 

KsidegbgltCell2
∗LsideCell2

tsidegbgltCell2
∗tan_t Cell2

∗ (hl_solve2 − hl_solve ∗ (B_W Cell2 +  hgw_lgs_b Cell2 ) + B_W Cell2 ∗ hgw_lgs_b Cell2)  

Here the quadratic coefficients are given below. 

Quadratic coefficients 

a= 
KsidegbgltCell2

∗LsideCell2

tsidegbgltCell2
∗tan_t Cell2

 

b=K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD
t_base_gb_glt Cell_CKD

 +K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

 - 

 
KsidegbgltCell2

∗LsideCell2

tsidegbgltCell2
∗tan_t Cell2

∗ (B_W Cell2 +  hgw_lgs_b Cell2 ) - 
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c=−hgwlgsbCellCKD ∗
K_base_gb_glt Cell_CKD∗A_base_gb Cell_CKD

t_base_gb_glt Cell_CKD
  

−hgwlgsbCell2 ∗ K_base_gb_glt Cell2∗A_base_gb Cell2
t_base_gb_glt Cell2

  

+
KsidegbgltCell2

∗LsideCell2

tsidegbgltCell2
∗tan_t Cell2

∗ (B_W Cell2 ∗ hgw_lgs_b Cell2)  

-Qinf_west 
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Paths from the Area to the east.  

1. Inert above Gault basal path through Gault to Lower greensand 

Darcy’s law over the base of Cell 1 

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒In_E_Glt =  
K_base_gb_glt In_E_Glt ∗ A_base_gb In_E_Glt ∗ (hl_solve− hgw_lgs_b  In_E_Glt )

t_base_gbglt In_E_Glt 
 

Where  

K_base_gb_glt In_E_Glt is the hydraulic conductivity of the Gault Clay underlying the inert waste on area to the east (m/s); 

A_base_gb In_E_Glt is the basal area of the area to the east directly underlain by gault clay; 

t_base_gb_glt In_E_Glt is the thickness of the Gault Clay underlying the area to the east (m); 

hl_solve is the head in the Area to the east (maOD) – this parameter is calculated; 

hgw_lgs_b In_E_Glt is the head in the Lower greensand underlying the area to the east (maOD). 

 

2. Inert above Gault side path through AEGB to Chalk  

Here, we assume there is hydraulic continuity between the leachate and the groundwater head in the chalk so we apply 
Darcy’s law to horizontal flow through the barrier.   

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒𝐼𝐼𝐼𝐼_𝐸𝐸_𝐺𝐺𝑐𝑐𝐺𝐺 = Ksidegb𝐼𝐼𝐼𝐼_𝐸𝐸_𝐿𝐿𝑐𝑐𝑡𝑡 ∗ Lside𝐼𝐼𝐼𝐼_𝐸𝐸_𝐿𝐿𝑐𝑐𝑡𝑡 ∗ �hlsolve+hgwchks𝐼𝐼𝐼𝐼_𝐸𝐸_𝐺𝐺𝐺𝐺𝐺𝐺−2∗BChlk𝐼𝐼𝐼𝐼_𝐸𝐸_𝐺𝐺𝑐𝑐𝐺𝐺
2

� hlsolve− hgwchks𝐼𝐼𝐼𝐼_𝐸𝐸_𝐺𝐺𝑐𝑐𝐺𝐺
tsidegb𝐼𝐼𝐼𝐼_𝐸𝐸_𝐺𝐺𝑐𝑐𝐺𝐺

  

=
Ksidegbglt  In_E_Glt ∗LsideIn_E_Glt 

2∗tsidegbglt
In_E_Glt 

∗ (hlsolve
2 − hlsolve ∗ �2 ∗ BChlkInEGlt� + 2BChlkInEGlt ∗ hgwchksInEGlt

− hgwchksInEGlt
2)  

 

K_side_gb_glt In_E_Glt is the effective hydraulic conductivity of the side AEGB on In_E_Glt and the waste (m/s) where 

𝐾𝐾_side_gb_glt In_E_Glt =( 𝑡𝑡_sidegb In_E_Glt +t_waste)/((𝑡𝑡_side_gb In_E_Glt / 𝐾𝐾_side_gb In_E_Glt)+(t_ waste /K_ waste)) 
(m/s) 

t_side_gb_glt In_E_Glt =𝑡𝑡_sidegb In_E_Glt +t_ waste is the thickness of the side AEGB on In_E_Glt  and the waste (m); 

L_side In_E_Glt is the length of the side AEGB on the area to the east (m); 

B_Chlk In_E_Glt is elevation of the base of Chalk in the area to the east (maOD); 

K_side_gb_glt In_E_Glt is the thickness of the side AEGB in the area to the east (m); 

hl_solve is the head in the Area to the east (maOD) – this parameter is calculated; 

hgw_chk_s In_E_Glt is the head in the Chalk adjacent to the area to the east on the western boundary (maOD). 

 

Solution for hl_solve in the Area to the east  

Equating the inflows to the outflow gives 

Qinf_East= 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝐼𝐼𝐼𝐼_𝐸𝐸𝐺𝐺𝑐𝑐𝐺𝐺 +𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑒𝑒 𝐼𝐼𝐼𝐼_𝐸𝐸_𝐿𝐿𝑐𝑐𝑡𝑡 
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= 

K_base_gb_glt In_E_Glt∗A_base_gb In_E_Glt∗(hl_solve−hgw_lgs_b  In_E_Glt)
t_base_gb_glt In_E_Glt

 +  

Ksidegbglt  In_E_Glt ∗LsideIn_E_Glt 

2∗tsidegbglt
In_E_Glt 

∗ (hlsolve
2 − hlsolve ∗ �2 ∗ BChlkInEGlt� + 2BChlkInEGlt ∗ hgwchksInEGlt

− hgwchksInEGlt
2)  

Rearranging into form 𝑄𝑄𝑎𝑎2 + bx + 𝑐𝑐 = 0  where x represents hl_solve gives the following expressions for a, b and c. 

Quadratic coefficients 

a=
Ksidegbglt  In_E_Glt ∗LsideIn_E_Glt 

2∗tsidegbglt
In_E_Glt 

 

b=K_base_gb_glt In_E_Glt∗A_base_gb In_E_Glt
t_base_gb_glt In_E_Glt

  +  

Ksidegbglt  In_E_Glt ∗LsideIn_E_Glt 

tsidegbglt
In_E_Glt 

∗ (2 ∗ B_Chlk In_E_Glt )  

 

c=-K_base_gb_glt In_E_Glt∗A_base_gb In_E_Glt∗hgw_lgs_b  In_E_Glt
t_base_gb_glt In_E_Glt

 –  

Ksidegbglt  In_E_Glt ∗LsideIn_E_Glt 

2∗tsidegbglt
In_E_Glt 

∗ (2 ∗ BChlkInEGlt ∗ hgwchksInEGlt
−  hgw_chk_s In_E_Glt 2)  -Qinf_East 

We can then solve for hl_solve using ℎ𝑐𝑐_𝑄𝑄𝑠𝑠𝑐𝑐𝑠𝑠𝑒𝑒 = −𝑏𝑏±√𝑏𝑏2−4𝑎𝑎𝑐𝑐
2𝑎𝑎

 

 

Key to pathways in the RAM model 

When setting up a RAM model we take the approach of including all possible pathways as these can be set to inactive if the 
pathway is screened out or is no longer relevant to the conceptual model.  For the final Barrington model, we have three 
active pathways as summarised below.  To add flexibility to the model we defined three different units to represent the 
AEGB (AEGB low K side, AEGB high K side and AEBG base overburden) so different hydrogeological parameters could be set 
for the AEGB on Cell 1, the Inert Waste and the base even though we used the same parameters in the final model.  In 
addition, each hydrogeological unit in RAM is limited to four pathways so we needed to add three different units to 
represent the Chalk (Chalk side 1, Chalk side 2 and Chalk base). 

RAM Path  Pollutant Linkage (Source-Pathway-Receptor) Active  

Path 1 (Haz) CKD, Gault2, LowerGS2 
No – qualitatively 
screened out 

Path 2 CKD, Gault2, LowerGS2, LSGR 
No – qualitatively 
screened out 

Path 3 
CKD, AEGB low K side, Chalk side 2, Chalk 2 : Area to the west point 
5 

Yes - gw dilution 
removed for Haz 
substances on the 
User combined sheet 

Path 4 (Haz) CKD, AEGB low K side, Chalk side 2 

Yes – incorporated 
into Path 3 summary 
on the User 
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Deterministic Dil 
sheet 

Path 5 Inert, Gault, LowerGS, LSGR 
No – qualitatively 
screened out 

Path 6 (Haz) Inert, Gault, LowerGS 
No – qualitatively 
screened out 

Path 7 (Haz) Inert, AEGB high K side, Chalk side 1 

Yes – incorporated 
into Path 8 summary 
on the User 
Deterministic Dil 
sheet 

Path 8 
Inert, AEGB high K side, Chalk side 1, Chalk 1 Area to the west point 
7 and 8 and Area to East  

Yes - gw dilution 
removed for Haz 
substances on the 
User combined sheet 

Path 9 Inert, AEBG base overburden, Overburden, Chalk base, Chalk 1 

Yes - gw dilution 
removed for Haz 
substances on the 
User combined sheet 

Path 10 (Haz) Inert, AEBG base overburden, Overburden, Chalk base 

Yes – incorporated 
into Path 9 summary 
on the User 
Deterministic Dil 
sheet 

Path 11 Inert, AEBG base overburden, Overburden, Gault, LowerGS, LSGR 
No – qualitatively 
screened out 

Path 12 (Haz) Inert, AEBG base overburden, Overburden, Gault, LowerGS 
No – qualitatively 
screened out 

Path 13 (Haz) Inert, AEGB base chalk, Chalk base 
No – no waste to be 
placed in this area. 

Path 14 Inert, AEGB base chalk, Chalk base, Chalk 1 
No – no waste to be 
placed in this area. 
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Appendix B 
RAM files (electronic appendix) 
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Appendix C 
Time series charts for BH17/2 
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