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1 Introduction 
1.1 Background 
A floodplain restoration scheme (Lower Otter Restoration Project, or LORP) is proposed for the lower Otter 
Valley near Budleigh Salterton in Devon (Figure 1-1).  The scheme is designed to (ABPmer, 2018a): 

• Restore the Lower Otter Estuary to a hydrodynamically more natural state by allowing tidal inundation 
of areas that were embanked in the early 19th Century 

• Provide compensation for losses of intertidal habitat associated with coastal defence works in the Exe 
Estuary. 

The LORP would involve increased tidal inundation of the Otter valley (Figure 1-2), and there is concern that 
this could lead to an increase in salinity in groundwater in the underlying bedrock aquifer (Triassic Otter 
Sandstone Formation), potentially affecting South West Water’s (SWW’s) Otterton groundwater sources, 
which are used for public supply.  The area is covered by the Environment Agency’s (EA’s) Otter Groundwater 
Model (OGM) (AMEC, 2013; Wood, 2019). 

 

 

Figure 1-1  Regional location map 

 

 

Contains Ordnance Survey data © Crown copyright and database right 2019. 
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Figure 1-2  Otter Valley location map showing proposed tidal inundation area 

Since 2018, Stantec (formerly as ESI) has supported Jacobs (originally CH2M) in an investigation of the 
potential for saline intrusion associated with increased tidal inundation resulting from the LORP.  This work 
has involved scoping calculations (Phase 1) and 1D modelling of the vertical mixing between saline/brackish 
surface water and fresh groundwater (Phase 1A).  The Phase 1A modelling made use of groundwater and 
surface water levels from the OGM, as well as surface water levels from a MIKE21 surface water model built 
by ABPmer to simulate the hydrological effects of the LORP.  Key reports include Stantec/ESI (2018b and c) 
and ABPmer (2018 and 2018a).  Jacobs (2019) summarises much of the work undertaken in Phases 1 and 
1A, and includes the technical reports by Stantec/ESI and ABPmer, as well as a high-level summary.  However, 
it should be noted that Jacobs (2019) contains early drafts of the Stantec/ESI reports (2018 and 2018a) and 
that these are superseded by Stantec/ESI (2018b and c), which incorporate consideration of the effects of   
LORP Option 3+ (see note with Figure 1-2). 

The OGM has now been updated (Wood, 2019) and some of the riverbed and water level elevations have 
been revised to reflect recent field surveys.  In particular, levels have been adjusted to reflect a recent survey 
along Kersbrook Brook (Figure 1-2).  The level changes mean that it is necessary to re-visit the Phase 1A 
salinity modelling to improve the accuracy of the results. 

1.2 Scope 
The scope of this report is as follows: 

• To review the relevant OGM updates and to consider: 

o The nature of the updates and the general robustness of the OGM in the area of interest. 

o The implications of the updates for the 1D modelling undertaken in Phase 1A of the project. 

• To report on re-runs of the 1D model undertaken using revised OGM groundwater heads, and also a 
run undertaken for a new location in the western part of the Otter Valley. 

• To consider the implications of the new 1D model runs for the assessment of salinisation risk, and to 
make recommendations for the next steps in the project. 

1 km 

Contains Ordnance Survey 
data © Crown copyright and 
database right 2019. 

The upstream limit of saline 
water shown relates to a high 
spring tide in October 2017 
(Jacobs, 2019). 

“Option 3” refers to a design 
option for the LORP.  Another 
option, “Option 3+”, contains 
certain deliberate design 
features, but also has 
characteristics that are 
expected to “evolve” naturally 
from Option 3 over a period 
of about 5 years (ABPmer, 
2018a).  In particular, the 
estuary mouth is likely to 
become wider and deeper, 
allowing increased tidal 
exchange between the 
estuary and the sea. 
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This report is very concise; the reader is referred to the reports cited above for detailed background information.  
It should be noted that this report may be reviewed following discussions with the EA and SWW. 
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2 Modelling 
2.1 Updated OGM 
Revisions to stream elevations in the OGM mean that simulated groundwater heads beneath the Otter Valley 
are lower, with the fall  being greatest in the western part of the valley (Figure 2-1).  The magnitude of the fall 
ranges from about 0.5 m to 3.7 m.  Such a lowering of groundwater heads will tend to increase the likelihood, 
and magnitude, of a downward hydraulic gradient being established between inundating saline/brackish 
surface water and the underlying sandstone aquifer.  It will also tend to increase the duration of periods in 
which there is a downward gradient. 

 

 

Contains Ordnance Survey data © Crown copyright and database right 2019.  Yellow circle/dot symbols are 1D modelling locations. 
 

Figure 2-1  Change in OGM modelled groundwater head: Layer 1, October 1992 (Stress Period 370 in 
revised OGM Historical run 297, and Stress Period 550 in original OGM Historical run 78)  

 

In Phase 1A (Stantec/ESI, 2018c), the vertical hydraulic gradient in the Otter Valley was found to be upwards 
(heads increasing at depth): the LORP tidal inundation would be superimposed on this resulting in reversal of 
the gradient at some locations, some of the time.  At that stage, only the River Otter itself was considered to 
be susceptible to significant downward flux.  The revised OGM groundwater heads suggest that downward 
flux is more likely across a wider area. 

Option 3 inundated area 
within this line 

SPZ1 

SPZ2 

SPZ3 

OTTERTON 
BOREHOLES 

1 km 
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The OGM is a regional water resources tool with a relatively coarse resolution (50 m grid cells and monthly 
stress periods), and so does not provide a detailed representation of the hydrology/hydrogeology of the Otter 
Valley.  It is also not specifically calibrated in the area of interest, i.e. the lower Otter Valley.  The updated 
model is likely to better represent hydraulic gradients in the area as it incorporates level adjustments based on 
field surveys.  However, some uncertainty remains as to how well the OGM simulates water levels and flows 
in the area of interest, and this uncertainty feeds into the 1D modelling presented in this report.  The uncertainty 
could be reduced by additional field monitoring, particularly groundwater level monitoring of the deeper 
sandstone aquifer to help constrain vertical hydraulic gradients (ESI/Stantec, 2018c). 

2.2 1D modelling locations 
In Phase 1A (Stantec/ESI, 2018c), the 1D vertical mixing model was run for six locations: AR and BR (both in 
the River Otter), 1, 2, 3 and 4 (Figure 2-2).  All these locations are located within the area of overlap between 
the proposed inundation area and the combined outer Source Protection Zone (SPZ 3) for the Otterton 
boreholes.  It should be noted that the SPZ outlines are based on the previous version of the OGM. 

For Phase 1B a seventh location, location 5, has been added.  This new location is positioned in the western 
part of the Otter Valley, up-gradient (in terms of groundwater head) of most of the original locations 
(Figure 2-2).  The purpose of this new location is to extend the area over which vertical mixing is simulated, 
providing a clearer idea of how such mixing may vary across the valley.  Table 2.1 gives National Grid 
references and OGM model coordinates (row, column) for the 1D modelling locations. 

 

Table 2.1  1D modelling locations 

Name Easting Northing OGM row OGM column 

AR 307461.6 83455.2 691 110 

BR 307559.8 83904.6 682 112 

1 307395.1 83463.5 691 108 

2 (no Phase 1B runs) 307425.4 83691.0 687 109 

3 307478.3 83889.9 683 110 

4 307595.6 84194.0 677 112 

5 (new location) 307312.0 83964.6 681 107 
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Contains Ordnance Survey data © Crown copyright and database right 2019. 
Brown contours represent OGM groundwater heads for October 1992 in mAOD. 
The colour flood represents the same data as the contours (brown/orange = high; pink/purple = low). 
Single and double hatching represent SPZ3 and SPZ2, respectively. 
In the OGM, MODFLOW stream cells are defined to cover the whole of the Otter Valley floor, as well as actual watercourses. 
Note that no model re-runs were undertaken for Location 2. 
*Based on calculations using FlowSource – see Stantec/ESI (2018b). 
 

Figure 2-2  Locations for 1D modelling 

 
 
 
  

SPZ1 

SPZ2 

SPZ3 

Option 3 inundated area 

Current upstream limit of saline 
water in River Otter 

River Otter 

1 km 

Red line indicates reach of 
River Otter thought to supply 
up to 40 – 45% of the 
Otterton abstractions* 

Kersbrook Brook 
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2.3 1D model set-up and parameterisation 
A detailed account of the 1D MODFLOW/MT3D model is provided in ESI/Stantec (2018b and c), so only a 
very brief summary is provided here.  The model consists of a vertical column, with a constant (groundwater) 
head at the base and a varying (tidal) head at the top (Figure 2-3).  Initially, a concentration of 1 is specified at 
the top of the model (representing saline/brackish surface water) and a concentration of zero elsewhere 
(representing fresh groundwater).  As the model runs, advection and dispersion result in mixing, and the 
establishment of a concentration profile down the column.  The concentrations are not absolute, but simply 
represent the proportions in which the near-surface and deeper waters have mixed.  No allowance is made for 
density differences between the surface water and groundwater (see ESI/Stantec [2018c] for a discussion of 
this). 

 

Figure 2-3  Schematic of the 1D model (the z axis is oriented vertically downward) 

 

Geological layering is represented by assigning different hydraulic properties to the cells in the 1D column 
model.  Model parameterisation is described in detail in Stantec/ESI (2018b and c), and so only a very brief 
summary is given here.  Figure 2-4 shows the geological layering in schematic form.  Of particular relevance 
in the context of this report is the thickness of low permeability cohesive alluvium (silt/clay), which was found 
in Phase 1A to exert a significant influence on the degree of mixing between surface water and groundwater.  
The cohesive alluvium (sandy, silty clay) restricts vertical mixing and therefore affords some protection for the 
underlying aquifer.  However, site investigation data (CH2M 2017, 2018) indicate that this protective layer 
varies in thickness, and that it is locally very thin or even absent (Stantec/ESI, 2018b). 

For the Phase 1A modelling (Stantec/ESI, 2018c), locations AR, 1 and 4 were represented as having thicker 
(1.0 m) cohesive alluvium than the other sites (0.5 m); this was based on a ground investigation by CH2M 
(CH2M 2017, 2018).  For Phase 1B, the thickness at AR was kept the same (as this location was already 
known to have significant vertical mixing), but the thicknesses at locations 1 and 4 were reduced to 0.5 m, 
which is more conservative.  The new location, 5, was also represented as having 0.5 m of cohesive alluvium.  
Representing the cohesive alluvium as being thin is reasonable, given the limited spatial coverage of the area 
by boreholes and trial pits (CH2M, 2018) (meaning that the thickness is uncertain) and the possibility that the 
layer does not form a very effective barrier to groundwater flow (Stantec/ESI, 2018b). 
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Figure 2-4  Representation of geological layering within the 1D column model 

 

Stantec/ESI (2018b and c) provide a detailed account of the derivation of model boundary conditions.  
ABPmer-simulated water levels were used for LORP Option 3 and Option 3+ (explained in Figure 1-2).  OGM 
groundwater heads (for Layer 1, representing the Otter Sandstone) were corrected to allow for the difference 
between the river levels assumed in the OGM and the river levels simulated in the ABPmer model (Table 2.2).  
The correction process is summarised below the table.  A more detailed explanation can be found in 
Stantec/ESI (2018b).  For convenience, presentation of boundary condition time series is deferred until 
Section 2.4, where they are displayed alongside the model outputs. 

The model is run with 720,720 (seven hundred and twenty thousand, seven hundred and twenty) two-hourly 
stress periods, representing about 165 years of simulation time (1001 runs x 720 stress periods per run = 
720,720 stress periods in total).  The two-hourly stress periods are necessary to represent tidal water level 
fluctuations, and the long simulation time is needed to allow concentrations to equilibrate.
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Table 2.2  Correction of OGM groundwater levels 

 

 

 

 

 

 

 

 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎_𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐 =  ℎ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑊𝑊𝑔𝑔𝑔𝑔 + ∆ℎ = ℎ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑊𝑊𝑔𝑔𝑔𝑔 + �ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎 − ℎ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� 

 

where haquifer_corrected [m] = corrected groundwater level, hMODFLOW_gw = uncorrected 
OGM groundwater head [m], ∆h = head correction [m], hABPmer = ABPmer river level 
[m] and hMODFLOW_stream = OGM stream stage [m]. 

See Stantec/ESI (2018b) for more information. 

Old runs are those from Phase 1A.  Rows and columns are for the OGM.  SP = stress period; GW = groundwater level.  OGM Historical run 297 used stream file OTR287.str. 

 

 

Figure 2-5  Correction of OGM groundwater levels 
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2.4 1D model results and interpretation 

2.4.1 Results 
In Figures 2.6 to 2.9, concentration/mixing time series produced by the model are plotted alongside the applied 
head boundary conditions.  “GWL” refers to groundwater level, as derived from the OGM. 

Two types of upper boundary head have been used: those for LORP Option 3 and those for Option 3+ 
(explained in Figure 1-2).  Tidal peaks are higher for Option 3+, so it presents a worse case for downward 
leakage of saline/brackish water.  Stantec agreed with Jacobs which locations would be run with Option 3 
boundary heads, and which with Option 3+.  Locations that showed complete vertical mixing for Option 3 did 
not need the model to be re-run using Option 3+ as this would again have shown complete mixing – possibly 
taking slightly less time to reach that condition.  In Figures 2.6 to 2.9, the plots are for Option 3 unless they are 
labelled as being “Opt3+”. 

Note that the horizontal scale for the concentration/mixing plots varies, having been tailored to best display 
the results of each model run.  Figure 2-10, Figure 2-11 and Figure 2-12, show concentration depth profiles 
for three time slices: 25 years after the start of the simulation, 50 years after the start and 165 years after the 
start.  These show how the salinity profiles develop over time. 

 

 



Otter Sandstone saline intrusion risk assessment: Phase 1B modelling Page 11 

 

Report Reference: 66676 TN03 D2 

Report Status: Draft 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6  Model time series outputs (left) and boundary conditions (right): location AR 



Otter Sandstone saline intrusion risk assessment: Phase 1B modelling Page 12 

 

Report Reference: 66676 TN03 D2 

Report Status: Draft 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7  Model time series outputs (left) and boundary conditions (right):  location BR and location 1 
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Figure 2-8  Model time series outputs (left) and boundary conditions (right):  location 3 
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Figure 2-9  Model time series outputs (left) and boundary conditions (right):  locations 4 and 5 
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Figure 2-10  Concentrations (mixing fractions) after 25 years plotted against depth 

 

Figure 2-11  Concentrations (mixing fractions) after 50 years plotted against depth 
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Figure 2-12  Concentrations (mixing fractions) after 165 years (end of run) plotted against depth 

 

2.4.2 Interpretation 
The model results show the following: 

• At AR, Location 1 and Location 4 the hydraulic gradient is always downward and so complete mixing 
takes place throughout the column; these locations show S-shaped breakthrough curves that all reach 
100% mixing (“concentration” = 1.0) after a period of time.  The concentration-depth profiles show 
complete mixing at Location 1 and Location 4 within 25 years.  At AR, complete mixing takes between 
25 and 50 years. 

• At BR, Location 3 and Location 5 there are reversals in hydraulic gradient such that a finite 
concentration gradient is maintained down the column.  The concentration in each layer tends towards 
an equilibrium value.  The depth of mixing varies, with some locations showing significant mixing, and 
others showing no mixing beyond the uppermost layers.  BR and Location 5 show no mixing at the top 
of the sandstone (Layer 11), and limited mixing within the superficial deposits.  Location 3 does show 
significant mixing at the top of the sandstone: c.30% under Option 3 and c.80% under Option 3+.  The 
concentration-depth profiles show that the shallow mixing zones develop rapidly (within 25 years).  
Only Location 3 shows significant change between 25 and 165 years after the start of the simulation; 
under LORP Option 3+ the mixing is 50% after 25 years, 65% after 50 years and 80% after 165 years. 

• The higher tidal peaks of Option 3+ lead to a greater degree of mixing (or more rapid mixing, if mixing 
already goes to 100% under Option 3).  This is well illustrated by Location 3; AR shows little difference 
(slightly earlier attainment of 100% mixing). 
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• For all locations except BR and Location 5, the model simulates penetration of saline/brackish water 
into the top of the sandstone aquifer. 

Modelling undertaken in Phase 1A (Stantec/ESI, 2018c) suggested that vertical mixing was only significant 
along the River Otter, including at AR, which is located at the current upstream limit of saline/brackish water 
in the river (Figure 2-2).  Under the Phase 1A modelling, mixing was predicted to decrease upstream to BR.  
In this instance, the most significant risk posed by the LORP to the Otterton boreholes was identified as the 
possibility that the saline/brackish front within the river could migrate upstream into the zone of significant 
vertical mixing, or farther upstream into a reach thought to supply a significant fraction of the water abstracted 
from the Otterton boreholes (Stantec/ESI, 2018c).   Salinity modelling undertaken by ABPmer (2018a) 
indicated that saline/brackish water would not penetrate farther up the River Otter (than currently)  under either 
the Option 3 or 3+ scenarios.  The Phase 1A model identified little risk of downward penetration of saline water 
within the inundated area.    

The new 1D model runs presented here use the lower groundwater heads generated from the revised OGM, 
and therefore represent a greater tendency for downward migration of near-surface saline/brackish water into 
the aquifer.  These revised results suggest that there could be significant mixing of surface water and 
groundwater across a wider area within the Otter Valley, including the northern end of the proposed inundation 
area (Location 4), which is closest to the Otterton boreholes and to the reach of the River Otter thought to be 
dominant in  the supply of water to the boreholes (based on FlowSource analysis of OGM model outputs – see 
Figure 2-2 and Stantec/ESI, 2018c).  The northernmost part of the proposed inundation area also overlaps 
with SPZ2 for the Otterton boreholes; Location 4 (which shows 100% mixing) is within SPZ3, close to the 
boundary with SPZ2. 

Fluvial flow in the main channel of the River Otter serves to limit saline “incursion ” up the river at high tide and 
salinity values decline upstream.  However, saline/brackish water will be free to intrude fully into the proposed 
inundation area to the west of the river, including the most sensitive northern part, closest to the Otterton 
boreholes (Figure 2-2).  This difference in penetration of saline/brackish water is shown by the ABPmer 
modelling results plotted in Figure 2-13. In much of the inundated area, (i.e.  those parts of the Otter Valley 
not previously invaded by saline water) salinities are expected to be close to seawater values.  An 80 to 100% 
mixing of this surface water with groundwater (as predicted for locations 1, 3 and 4) would give similarly high 
salinities at the top of the sandstone aquifer. 



Otter Sandstone saline intrusion risk assessment: Phase 1B modelling Page 18 

 

Report Reference: 66676 TN03 D2 

Report Status: Draft 

 

Figure 2-13  Salinity gradients in the River Otter (above) and inundated area (below) for baseline, 
Option 3 and Option 3+ scenarios under a mean spring tide and low river flow condition (modified 
after ABPmer, 2018a – approximate locations of key modelling locations added; salinity in psu = 

practical salinity units) 

 

2.4.3 Uncertainty 
Stantec/ESI (2018c) includes a discussion of uncertainties associated with the 1D modelling, including: 

1. Uncertainty regarding the extent of the capture zone for the Otterton boreholes (defined using 
FlowSource analysis of OGM model outputs). 

2. Reliance on modelled (OGM) groundwater heads and correction of these using a comparison of 
OGM and ABPmer surface water levels. 

3. Uncertainty regarding migration pathways towards the boreholes – scoped out by Stantec/ESI 
(2018c) as the modelling  focussed on the “source term” (saline/brackish water migrating vertically 
into the aquifer) rather than any lateral pathway. 

4. Neglecting of density effects – assessed by Stantec/ESI (2018c) as unlikely to make a significant 
difference to the results. 

Clearly the 1D model is a highly simplified representation of the ground conditions beneath the Otter Valley, 
and only vertical flow is represented.  However, as noted in point 3 above, the emphasis adopted has been  
on the “source term”, i.e. the extent to which saline/brackish water is likely to be able to penetrate into the top 
of the sandstone aquifer.  The key factors controlling this are the thickness of cohesive alluvium (and its vertical 
hydraulic conductivity), the proportion of time for which there is a downward hydraulic gradient, and the 

AR 
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BR 

Loc 1 Loc 3 
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magnitude of this gradient.  These factors are represented in the simple 1D model, and an effort has been 
made to choose a fairly conservative parameterisation (making the cohesive alluvium thinner than might be 
estimated from site investigation data).  Although the 1D model does represent vertical flow within the 
sandstone aquifer, the focus is on saline/brackish water “getting in” at the top.  It is likely that in reality there 
would also be lateral flow in the sandstone at depth. 

It should be emphasised that the 1D modelling represents relative concentrations (proportional mixing of end-
member water types) rather than absolute salinities.  Clearly the actual salinity developed in the zone of mixing 
of surface water and groundwater will depend on the individual salinities of these water types as well as on 
the degree of mixing.  Salinity modelling by ABPmer (Figure 2-13) suggests that under Option 3+ the salinity 
of water in the River Otter will be less than 5 psu upstream of AR but that surface water salinities in the 
inundated area to the west will be c.25 to 35 psu (i.e. close to pure seawater).  The simulated salinity in the 
inundated area decreases northwards, but model results are not available for 1D model location 4 (Figure 
2-13).  A conservative approach would be to assume that a salinity of c.25 psu applies to location 4. 

The new inundation area could potentially change the capture zone mentioned in point 1 above, or change the 
amount of water sourced from particular parts of the groundwater catchment of the Otterton boreholes (the 
“volume from” values estimated by Stantec/ESI [2018b] using FlowSource data supplied by the EA).  Periodic 
inundation of the lower Otter valley, with associated downward leakage and recharge of groundwater, could 
potentially lead to this area contributing more water to the boreholes than it does at present. 

The latest 1D modelling results illustrate the importance of point 2 above, as a change in assumed groundwater 
head has made a significant difference to the model results.  Although the revised OGM heads may be 
considered more realistic as some of the stream stages have been corrected to reflect field survey data, the 
regional model remains a fairly “coarse” tool and is not necessarily well calibrated in the area of interest.  No 
allowance is made for groundwater heads changing in response to the LORP.  This is reasonable as 
groundwater heads would be likely to rise (in response to higher recharge), thereby reducing the downward 
gradient – in other words, keeping the heads fixed is conservative.  The need to correct the OGM groundwater 
heads using the difference between OGM and ABPmer surface water levels introduces uncertainty; it would 
be better if the groundwater and surface water models used consistent levels. 

Phase 1A involved modelling vertical hydraulic gradients that were either upward, or upward with periodic 
reversals caused by high tides, with an associated “ratcheting” effect as described in Stantec/ESI (2018, 
2018a, 2018b and 2018c).  In such cases, it is reasonable to assume that the whole ground profile (the whole 
model column) is saturated.  When the tide recedes, there will be a tendency for groundwater to discharge to 
surface, so it is reasonable to set the minimum top head at ground level.  The latest modelling includes some 
locations where the hydraulic gradient is always downward.  In such cases, it is still considered reasonable to 
assume that the whole ground profile is saturated and to set the minimum top head at ground level.  This is 
because vertical drainage of the ground will tend to be slow compared to tidal cycles, and repeated tidal 
inundation will tend to raise the water table to the surface, and keep it there. 
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3 Conclusions and recommendations 
3.1 Conclusions 
The model results presented in this report are based on revised groundwater heads from the OGM, and differ 
significantly from the results of the Phase 1A modelling work. 

Stantec/ESI (2018) identified two principal mechanisms whereby the Otterton groundwater sources might 
potentially be impacted by salinisation:  

1. saline water penetrating farther up the River Otter at high tide and reaching a zone that appears to be 
an important source of water for the Otterton boreholes, and  

2. downward leakage of saline water from the inundated valley floor into the underlying aquifer. 

Phase 1A (Stantec/ESI, 2018c) suggested that mixing of surface water and groundwater would only be 
significant in the River Otter itself, and that the greatest potential threat to the Otterton boreholes was the 
possibility that saline water might penetrate farther upstream (mechanism 1 above).  However, modelling by 
ABPmer suggested that such an upstream migration of the “saline front” would not occur.  Based on the 
modelling, mechanism 2 was considered unlikely to be significant. 

The new 1D model runs do not change the Stantec/ESI (2018c) conclusions regarding the River Otter, but 
they effectively change the emphasis from the first mechanism to the second.  They suggest that there could 
be significant mixing across a wider area within the inundated Otter Valley.  As this area is expected to be 
inundated with water of similar salinity to seawater, the mixing could lead to significant salinisation of the 
groundwater in the upper part of the sandstone aquifer.  The rate and degree of mixing predicted by the 1D 
modelling vary between modelled locations, depending mainly on the vertical hydraulic gradient, and the 
proportion of time for which this is directed downward (higher head at the surface driving downward flow). 

Where the hydraulic gradient alternates between downward and upward there is a “ratcheting” effect, and 
mixing leads to the development of an equilibrium concentration profile in which concentrations decrease with 
depth.  At Location 3 (under LORP Option 3+), about 50% mixing is predicted at the top of the sandstone after 
25 years, 65% after 50 years and 80% after 165 years. 

Where the hydraulic gradient is always downward, “breakthrough” of saline surface water is inevitable for all 
layers, and eventually complete mixing is established throughout the modelled column.  Modelled location 4 
is at the northern end of the inundated area, close to SPZ2 for the Otterton boreholes and also close to the 
reach of the River Otter thought to supply water to the boreholes.  It is therefore a key location for assessing 
the risk posed to the Otterton boreholes by the LORP.  At Location 4, 100% mixing is predicted at c.35 m depth 
within 25 years. 

It should be emphasised that the 1D modelling work reported here focuses solely on the vertical mixing of 
saline surface water with shallow groundwater with a view to understanding what “source term” might be 
available to form part of any pollutant linkage (with a viable pathway) between the LORP area and the Otterton 
boreholes.  In other words, it focuses on the source and does not consider the pathway to the receptor.  In 
practice, there would be dilution by regional groundwater flow (not considered in the 1D modelling) and 
concentrations would be expected to decrease along the flow path to the boreholes, assuming that such a 
pathway exists. 

The results of the 1D modelling depend on results from the revised OGM as well as on the ABPmer surface 
water modelling.  Uncertainty in these other models feeds through into the 1D modelling.  This is especially 
the case for the OGM, which – unlike the ABPmer model – was not designed to represent the lower Otter 
Valley in great detail. 
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3.2 Recommendations 
The groundwater modelling undertaken for the LORP project to date has focussed on the question of whether 
there could be significant vertical penetration of saline/brackish water into the ground within the LORP area, 
providing a “source” of saline water that could represent a risk to the Otterton boreholes if a pathway is present 
to provide a linkage.  Given that such penetration seems plausible, a natural next step would be to assess the 
significance of this within the wider context of the capture zone for the Otterton boreholes.  Previous 
assessments (Stantec/ESI, 2018b and c, and associated PowerPoint presentations for meetings held on 26th 
June and 15th July 2019) have used existing capture zones and Flow Source contribution data to provide such 
a context.  However, as noted above, the LORP could potentially change the flow regime in such a way that 
the capture zones (and areas providing most water to the boreholes) are altered.  Furthermore, heads in the 
sandstone could be changed by the inundation.  Whilst the available field data are probably insufficient to 
justify 3D variable-density fate-and-transport modelling, use could potentially be made of the OGM to obtain a 
more realistic idea of the likely significance of saline/brackish penetration in the LORP area.  In particular, the 
following modelling tasks are recommended: 

1. Take the average surface water levels from the ABPmer model and apply them to the MODFLOW 
boundary conditions in the Lower Otter valley within the OGM.  This would allow the effect of tidal 
inundation on groundwater heads in the sandstone aquifer to be assessed.  The difference between 
the surface water levels and newly-calculated groundwater levels (effectively the hydraulic gradient) 
could then be used to inform a spatial assessment of the likely degree of mixing between surface 
water and groundwater.  This would give more complete spatial coverage than the “spot” 1D modelling 
undertaken to date.  Although the OGM would not represent the tidal water level fluctuations or the 
mixing of saline/brackish and fresh water, a qualitative or semi-quantitative assessment of the likely 
degree of mixing could be undertaken based on a comparison of OGM and 1D model results. 

2. Re-run FlowSource with the modified OGM from step 1, and the Otterton boreholes abstracting at their 
full licensed rate.  This would allow any effect of the LORP on the capture zone of the boreholes to be 
assessed, and the volumetric contribution of the inundated area to the abstractions estimated. 

The new model runs presented in this report have illustrated the sensitivity of model predictions to the 
groundwater heads taken from the OGM.  As recommended by ESI/Stantec (2018c), it would be useful to have 
field measurements of head in the deeper sandstone so that the heads simulated by the OGM can be checked 
and, if necessary, the model can be re-calibrated within the area of interest.  This would provide greater 
confidence in the use of the model as a predictive tool in the lower Otter Valley area. 
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